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Abstract
For many applications photoluminescence oxygen sensors are superior instruments compared
to other commonly used techniques due to their use of a lumiphor’s emitted light intensity dependence
on oxygen. Emitted light from a lumiphor in these sensors is quantitatively reduced by oxygen through
quenching events caused by collisions of the lumiphor’s excited state with 3O2. The reduction in
intensity upon exposure to oxygen is measured to determine ambient oxygen concentrations with great
accuracy and precision. Though powerful instruments, photoluminescence oxygen sensors come with
some problems including the use of expensive transition metal (Ru and Pt) lumiphors and polymer
matrix supports prone to photochemical degradation that leave room for improvement. One possible
solution is the use of neat crystalline Copper(I) lumiphors as the sensing material. Our goal is to explore
the effects of phosphine ligands (POP=bis[2-(diphenylphosphino)phenyl]ether and Xantphos=4,5bis(diphenylphosphino)-9,9-dimethlyxanthene) and their sulfide derivatives on the electrochemical and
oxygen sensing properties of a series of [Cu(phosphine/phosphine sulfide)(dmp)]BF4 complexes. A
variety of techniques were employed for structural analysis, characterization, and evaluation of sensors
properties including 31P NMR, mass spectrometry, crystallography, UV-Vis spectroscopy, solid-state
emission, and lifetime studies. The best characterized structure, [Cu(POPS)(dmp)]BF4, showed promise
as an oxygen sensor with intense emission, significant, reproducible oxygen quenching, stability to air
and light, and long lifetimes.
Introduction/Background
Applications of Oxygen Sensors
The development of quality oxygen (O2) sensors has attracted considerable attention in recent
years, because of the importance of determining the molecular oxygen concentrations in the gas phase,
liquid phase, or both in different branches of chemical and environmental research. Of particular import
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to the environment is the measurement of dissolved oxygen. The concentration of dissolved oxygen
(DO) in water can be used as a measure of the health of that aquatic environment. DO needs to be
readily available to support plant and animal life. Likewise, the assessment of DO can help determine
the effectiveness of sewage treatment controls. When used to report oxygen content in discharges and
to derive the biochemical oxygen demand from wastewater, measurements of dissolved oxygen is a
standard regulatory tool.[1] Therefore the measurements must precise and accurate to measure the
degree of water quality.
There are three major methods used to assess the DO content of water: the Winkler titration
procedure, membrane probes, and luminescence. The Winkler titration procedure uses a destructive
chemical oxidation reduction reaction to determine oxygen concentration.[1] This method is subject to
numerous interferences such as nitrate and nitrite ion, suspended solids, organic matter and other
oxidizing/reducing agents that render it labor intensive and impractical for field use.[1]
The more commonly used membrane probes use oxygen consumptive reduction from an
electrolyte and two metallic electrodes to measure dissolved oxygen content.[2] In these electrodes,
oxygen must diffuse through a membrane to be reduced at the cathode. Though more useful than the
Winkler procedure, membrane electrode sensors require a high electrical flow across the membrane,
have a narrow range of linearity, and are prone to electrode degradation and membrane fouling.[2]
Luminesce, the final method to measure dissolved oxygen in liquids, has considerably less
limitations and only one known interferent in liquid environments, chloride dioxide.[1] Unfortunately,
luminescence is the most expensive method. Photoluminescence oxygen sensors take advantage of a
material’s emitted light intensity dependence on local O2 concentrations. In the presence of oxygen the
luminescence intensity of the sensor material is quantitatively reduced or quenched.[1] Therefore,
oxygen concentration is inversely proportional to the luminescence life time of the light emitted by the
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photoluminescent molecules in the sensor. The lower the ambient oxygen concentration the greater the
signal to noise ratio of the luminescence.
Photoluminescence sensor applications are not limited to the realm of DO measurements in
liquids; these sensors also exhibit superior sensing ability in gaseous environments relevant to many
fields. In the food industry, for example, measurements of O2 concentrations in- and outside of
packaging is critical to determine the safety, quality of packaging material, and rates of decay of many
food products. Accurate and precise gaseous O2 detection by photoluminescence sensors is also vitally
important in the pharmaceutical industry if a pharmacological process excluding oxygen or the air
composition in glove boxes is of interest. The measurement of oxygen concentration in all of these
applications is much less complicated because air does not carry many of the interferences such as
chloride dioxide, suspended solids, organic matter, and other oxidizing/reducing agents that lead to the
degradation and irreproducibility of sensors. Because of this, photoluminescence sensors are excellent
tools to measure gaseous O2.
Design/ Function of Photoluminescence Oxygen Sensors
Luminescence utilized by photoluminescence oxygen sensors relies on optical detection of
emitted light. This requires an excitation source, typically and LED in gas sensors, a sensor material, and
an optical detector, usually a photodiode or spectrophotometer. The process begins with excitation of
the sensor material as shown in Figure 1 below. Light of the proper wavelength (hv) is directed onto a
luminescent material (S) immobilized in a disk-shaped matrix on the face of the sensor.[3] Upon
absorption of photons, molecular excited states are populated (S*).
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Figure 1: Excitation of Sensing material (S) by LED in photoluminescence sensors at wavelegnth hv and subsequent emission
at wavelength hv'

The excited state molecules will then relax back to the ground state after a certain length of
time usually, on the order of nanoseconds to microseconds. The mechanism by which this relaxation
takes place determines whether the photoluminescence is termed "fluorescence" or
"phosphorescence." The luminesce intensity and lifetime of this luminescence is measured via a
photodiode or spectrophotometer in the probe.[3]
Luminescence Quenching by Oxygen
In the absence of oxygen, the lifetime and intensity of the luminescent signal is maximized; as
oxygen is introduced to the membrane surface of the sensor, the lifetime and luminescence intensity
decrease as shown in Figure 2 and the chemical mechanism shown in Equation 1.[1] This is because the
triplet ground state of O2 (3 O2) can quench the luminescence of the sensor material when collision of
these molecules occur.
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Figure 2: Quenching of sensing material excited state (S*) by triplet ground state oxygen that is used to sense oxygen

The sensor molecules in the excited state then undergo a non-radiative relaxation and therefore
fail to emit any light (emission is quenched).[3]
Equation 1: Photoluminescence chemical reactions of sensing material

The efficiency of the photoluminescence quenching is, therefore, determined by the number of
collisions between the excited state sensor molecules, and oxygen molecules. As the collision frequency
of gases is determined by, the pressure (P), temperature (T), and the number of molecules present, at a
certain P and T, the quenching efficiency, and, consequently, the luminescence intensity or lifetime will
be determined by the concentration of the ambient oxygen. [3]
Thus, the lifetime and intensity of the luminescence is inversely proportional to the amount of
oxygen present. This relationship can be quantified by the Stern-Volmer equation (Equation 2) in which
Io is the intensity (or lifetime) of the sensor material in an oxygen free environment, I is the measured
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intensity (or lifetime) of the material at a given oxygen concentration [O2], and Ksv is the derived SternVolmer constant that quantifies the relationship between the two variables.
Equation 2: Stern-Volmer Relationship

For most photoluminescence oxygen sensors this relationship is not strictly linear (particularly at
higher oxygen pressures) and the data in this region are processed to fit a third order regression
equation (ax3 + bx2 + cx) rather than the simple linear regression.[3] The coefficients a, b, and c, along
with the luminescence lifetime in the absence of oxygen, are provided to the user with each sensor
membrane module or probe/sensor module combination.[3] Unlike the membrane sensors which do not
use luminescence, however, the non-linearity does not change significantly with time so that, as long as
each sensor is characterized with regard to its response to changing oxygen pressure, the curvature in
the relationship does not affect the ability of the sensor to accurately measure oxygen for an extended
period of time.
Problems with Current Photoluminescence Oxygen Sensors
Due to their ease of use and robustness, oxygen sensors based on luminescence have become
the preferred method of measuring oxygen in both liquids and air, but these sensors are not without
their disadvantages. The most common sensor elements used are those based on transition metal
complexes as the luminescent material suspended in polymer films or sol gels for support.[1] Utilizing
expensive transition metals, such as Ru or Pt, increases the price of these sensors dramatically. Other
problems include slow response times, non-uniform emitting sites, and photochemical destruction of
both the lumiphor and support matrix by reactive oxygen species produced during the luminescence
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quenching of the metal complexes.[4] Overtime this degradation decreases the reproducibility of the
instrument and eventually renders the sensor useless even with creative data analysis.[3]
Solution: Copper Sensor Materials
The most promising of solutions to conventional photoluminescence oxygen sensors’ problems
is the replacement of precious metals with copper as the sensor material. The use of this inexpensive,
first row transition metal would significantly decrease sensor cost and alleviate irreproducibility by
maximizing the advantages of eliminating the support matrix. Often, polymers and sol gels used cause
variability from sensor to sensor sensitivity, decrease the reproducibility of a single sensor, and are
prone to degradation after minimal oxygen exposure.[4] Recent studies have found that the support
polymer films or sol gels are not necessary for photo luminescent oxygen sensors.[4,5] Instead, a
crystalline film may be deposited directly on the end of a fiber optic tip using a solvent. As the solvent
evaporates the crystals adhere to the tip firmly. These films evaporated from solvent exhibit the same
sensor properties as the bulk microcrystalline samples. Each sample of the pure solid will have the same
sensing ability because of crystallographic uniformity of the emission sites thus eliminate variability from
sensor to sensor and within the same sensor as long as the same crystals are used.[4,5] Early studies
indicate that these sensors have excellent sensitivity and high reproducibility, as we will see later, and
other advantages like size, and not requiring a reference element.
Importance of Void Space
Studies of photoluminescence oxygen sensors with crystalline Cu(I) derivatives in polymer films
were also investigated with minimal success due to a lack of void space.[5] Oxygen sensing materials
using copper complexes must contain space unoccupied by other atoms to be effective. In order for
oxygen to quench the slow relaxation excited state of the sensing molecules it must come into physical
contact with the sensing molecules in the excited state. It is this emission that is used to determine the
9

concentration of oxygen. Failure to quench luminescence is equated to failure of the instrument to
evaluate the analyte. In order to do this, the material must contain sufficient void space to allow for the
diffusion of oxygen into the material. This principle is further validated by the lack of oxygen sensing for
[Cu(dmp)2]BF4.CH3OH due to the absence of void space suggested by the crystallographic analysis.[5]
Including the support matrix in sensors with copper complexes simply does not allow for enough space
within the sensing material to allow for effective oxygen diffusion and by extension effective
luminescent quenching.
Anions and void space
To engineer increased void space in sensing materials, many researchers have turned to the use
of bulky counter ions to make salts of the copper complexes.[4,5,6] Copper salts with non-coordinating
BF4- and (tetrakis(3,5-bis(trifluoromethyl)phenyl)borate = tfpb-) anions (Figure 3) yielded several
promising results because they were able to increase void space within the crystal lattices of the copper
complexes and allow for more efficient diffusion of oxygen than complexes in the support matrix.[4,5]

-

-

Figure 3: Anions BF4 and tfpb used in previous studies

[4,5]

These complexes are stable to air and light, demonstrated fast response times, and possess
homogeneous emission sites within the crystals. However, comparison of these two anions indicated
that while void space is a necessary it is not the only condition for oxygen sensing; the quality of the void
space is also an important factor in determining the relative sensing ability. Permanent channels, as
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seen in the BF4- salts, are not necessary if significant molecular motion can occur to readily shuttle
oxygen in and out of the crystal lattice.[4]

-

Figure 4: Depiction of calculated void space as rad space filling spheres for a previously studied tfpb compound. The
[5]
fluorines of the disordered CF3 groups that abut and clutter the void space are shown in green.

Closer examination of the crystal structure of the best sensor compounds containing the tfpbanion showed void cavities (Figure 4), although not clear channels, lined with and separated by highly
rotationally disordered CF3 groups. The thermal activation of the CF3 groups cluttering potential inter
void space apertures can allow enough motion for solution-like oxygen diffusion through the crystal and
subsequently enable significant oxygen quenching.[4] To the contrary, the BF4- salts containing
permanent void space restricted to distinct pockets were much slower to respond to changes in oxygen
concentration.[4] Only focusing on increasing void space will eventually cause the collapse of the crystal
structure to a more compact one, so other factors need to be considered when synthesizing a complex
with quality void space built into the molecule’s structure.
The elimination of sensor support matrices and use of neat crystalline copper complexes offers clear
advantages in stability and uniformity of emission sites that conventional sensors lack because the only
material involved is the copper complex and its accompanying anion. Furthermore, the use of
crystalline copper (I) complexes as the only component of the sensing material may allow for a simple
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single reference point calibration procedure, an important consideration for an inexpensive onetime use
sensor that would be mass produced.[5]
Copper Chemistry
Copper (I) complexes implementing the use of a variety of ligands have the photochemistry
necessary to be effective lumiphors in superior sensors. There are several factors that must be
considered when synthesizing a lumiphor for a suitably designed crystalline solid photoluminescence
oxygen sensor such as the intensity and wavelength of solid state emission, long lifetimes, high emission
quantum yields, void space, chemical and electrochemical stability, color and color purity of the emitted
light and specific emission decay time.[3] The quenching of the emission from samples by gas phase O2
must be significant, reversible and reproducible.[1] Significant void space within the crystal is necessary
for high diffusion of oxygen and a rapid response, while, an effective local-quenching around the sensor
molecule is necessary for good sensitivity.[4] High quantum yields are required so that LED excitation and
photodiode detection of the emission intensity changes due to oxygen concentration will be possible. All
of these properties result from the structure and photophysics of the copper complex and warrant
review to optimize these characteristics in this study.
Atomic Structure
Because previous studies have found copper complexes with POP (bis[2(diphenylphosphino)phenyl]ether) and Xantphos (4,5-bis(diphenylphosphino)-9,9-dimethlyxanthene)
ligands in conjunction with the diimine, dmp (2,9-dimethlyphenanathroline), have significant potential
as oxygen sensors, these ligands will be the focus of this study and analysis of photophysics. For a typical
phosphorescent Cu(I) complexes containing a combination of these ligands, the highest occupied
molecular orbital (HOMO) has been described as containing predominantly Cu d character, while, lowest
unoccupied molecular orbital (LUMO) is essentially composed of π* orbitals localized on the diimine
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ligand, in our case dmp.[7] The strong absorption singlet process observed for these compounds results
in subsequent emission corresponding to the lowest triplet excited state and is thus assigned as a metalto-ligand charge transfer 3MLCT[3d(Cu)  π* (dmp)] transition.[7.8.9.10]
Photophysics: Dmp-metal to ligand charge transfer
Blue/white luminescence with quantum yields of up to 90% have been reported for copper (I)
complexes with POP and bidentate NN donors that lack an extended π system like that seen in the dmp
ligand. These complexes are assigned 3MLCT[d(Cu)π* (POP)] transitions.[11] These blue/white emitting
complexes emit higher energy wavelengths of light because they lack a low energy π system to populate
excited state molecules. The use of 2,9-dimethylphenanthroline (dmp) Cu(I) compounds reduces the
energy gap between the exited state and ground state, allowing for lower energy transition and
therefore lower energy emission.
Cu(I) compounds with a d10 ground state configuration, such as those examined in this study,
also have photophysics that predispose them to be superior emitter compared to other transition
metals. Copper(I) compounds with a d10 ground state do not exhibit spin orbit coupling quenching
effects observed for heavy metal d6 or d8 emitter materials because low energy d-d* transitions are not
possible. Copper’s d orbital are completely filled and, so there is no space available for these quenching
transitions. For these d10 compounds, this results in long emission decay times corresponding to the T1
 So transitions (hundreds of microseconds).[11] This frequently leads to an increase of the emission
quantum yield.
In the [Cu(POP)(non-π NN)]+ complexes examined in previous studies, intense absorption bands
with maxima between 265 and 275 nm are assigned to π-π* transitions of the POP ligand.[11] At longer
wavelengths, the complex displays additional bands between 310 and 370 nm. Since analogous
absorptions are not present in POP ligand alone these lower energy absorptions are assigned to d-π*
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transitions involving mainly the d orbitals of Cu(I) and the π* orbitals of the POP ligand.[11] The
replacement of the POP ligand by another bisphosphine ligand results in a significant change of the
absorption and luminescence properties.
A red shift accompanied by a considerable reduction of the emission quantum yield and a
shortening of the emission decay time was also observed in some complexes studied.[7,9] These
observations were explained by changes of the molecular geometry of the Cu(I) compounds which take
place after MLCT excitation. In the electronic ground state (d10 configuration), the complexes display a
pseudotetragonal coordination of the metal ion, whereas in the MLCT excited state, with a d9
configuration of the metal ion, a flattening distortion of the molecular structure occurs (see Figure 5).[4,5]
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Figure 5: Flattening distortion of d copper (I) complexes to accommodate new d electron configuration of the excited state

Studies have also indicated that distortions from the idealized d10 geometry (flattening, rocking
of the phosphine and dimmine ligands and displacement of the Cu atoms out of the ligand planes) show
considerable variation depending on the anion used in the complex.[12] This indicates the importance of
packing forces in the crystalline environment. No correlation was found between ground state
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geometry and luminescence lifetimes, so the reduction in lifetime is correlated to the change in
geometry that accompanies population of the excited state.
Pronounced distortions of the molecular geometry result in an increase of radiationless release
of energy and decreases radiative decay. In a rigid environment such distortions are largely suppressed.
This conclusion is validated by the observed increase in the quantum yield and lifetime for complexes in
the solid state due to significant decrease in the nonradiative decay rates for the luminescence of the
complex in the solid phase.[4] A comparison of the radiative and nonradiative rates in solution and the
solid state for the same copper cations using a phosphine ligand similar to POP and the ligand dmp
revealed that the decrease in the nonradiative rate from solution to the solid state is much more
significant than the increase in radiative rate.[5] It has been shown that the distortion from tetrahedral
to square planar in the MLCT excitation in solution and the solids increases the nonradiative decay rates.
Some inhibition of this distortion in the crystalline state can explain the observed effect on these
radiative and nonradiative rates.[4,5] Steric demands of the ligands can also reduce the extent of excited
state distortions and increase quantum yields. Bulkier ligands produce a smaller red shift in the
emission maxima because they prevent distortion of the geometry around the copper nucleus upon
relaxation of the molecule.[6]
The very high quantum yields obtained for the [Cu(POP)dmp]+ complexes in the solid state in
other studies also indicate that effects of energy transfer between adjacent emitter molecules as well as
triplet-triplet annihilation do not seem to be important.[7] It is assumed the resonance condition
required for the occurrence of energy transfer processes between excited and nonexcited complexes is
extremely rare and, consequently, emission self-quenching, and quenching by triplet-triplet annihilation
become less probable.
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As seen from the photo physical studies of copper (I) complexes using the POP and dmp ligands, the
importance of the solid state and specific ligands becomes obvious. To achieve the high quantum yields
required for a superior oxygen sensors we must use complexes with a d10 ground state configuration to
eliminate quenching events from the energetically similar metal centered d-d* state and use more rigid
sterically hindered ligands to reduce the nonradiative geometric distortions at the copper nucleus. With
these conclusions in mind, we have decided to further explore the phosphine ligands POP, Xantphos,
and diimine dmp because they possess the characteristic necessary to make effective sensors and are
affordable and readily available from commercial sources.
Phosphine Sulfide Chemistry: Introduction to Xantphos and POP Ligands
The luminescence of the complexes studied arises from the metal to ligand charge transfer from
the d orbitals of the copper atom to the π* of the phenanthroline ligand [3MLCT[3d(Cu) 
π*(phenanthroline)]. The ligand dmp (dmp=2,9-dimethyl-1,10-phenanthroline) was chosen to optimize
solid state emission. Extensive studies examining numerous copper system with varying alkyl and aryl
substituents on the phenanthroline have shown them to be emissive in solution, but not in the solid
state unless the phenanthroline ligand possessed sufficient steric restriction in the 2- and 9- positions.[12]
These restrictions minimize the geometric distortion of atoms around the copper nucleus from
tetrahedral to square planar that occurs when the molecule is excited.[8,12] Recall, that this distortion
increases non-radiative decay and quenches emission. Therefore, by adding methyl groups at the 2- and
9- position, dmp, the non radiative distortion is decreased.
Even so, these more sterically demanding [Cu (phenanathroline)2]+ complexes have relatively
short lifetimes (hundredths of nanoseconds) and low quantum yields.[12] Recently, new classes of Cu(I)
compounds have been proposed which show a strongly enhanced luminescence performance, such as
heteroleptic mononuclear complexes containing one phenanthroline and one diphosphine type
16

ligand.[4,5] Improved solution phase lifetimes were found for compounds in the [Cu(POP)(NN)]+ family
(POP=bis[2-(diphenylphosphino)phenyl]ether) and the [Cu(Xantphos)(NN)]+ family (Xantphos=4,5bis(diphenylphosphino)-9,9-dimethlyxanthene). Some studies found that [Cu(POP)(dmp)](tfpb)
exhibited reasonable oxygen sensitivity but suffered from a relatively rapid photochemical degradation
process.[5] The performance of these crystalline [Cu(POP)(dmp)](tfpb) films significantly degraded in
both emission intensity and in O2 sensing ability during preliminary studies.[4] When not exposed to the
LED, no degradation of performance occurred under either N2 or O2 consistent with some sort of
photochemical degradation. It was suggested that significant distortions in the coordination sphere
angles of the POP ligand complex might occur during excitation that could damage the surface
crystallinity of the sensor.[5]
So studies were turned toward a second series of more rigid complexes from the
[Cu(Xantphos)(NN)]+ family (Xantphos=4,5-bis(diphenylphosphino)-9,9-dimethlyxanthene) that exhibit
higher photochemical stability, very high emission quantum yields and sensitivity to oxygen with rapid
response times (approximately 45s in the sensing apparatus).[5] The emission intensity exhibited by
samples excited by the 400 nm LEDs employed was easily detectable with an inexpensive CCD
spectrometer or photodiode. The solid state luminescence lifetimes for these Xantphos compounds
ranged from 250 ns to 3.44 µs under nitrogen.[5] Lifetimes under oxygen showed significant quenching.
Additional studies indicated that the small amount of consistent and reproducible degradation occurred
during the oxygen exposures.[5] Both POP and xanthpos complexes represent the furthest exploration
into superior solid state luminescent sensors.
Mann Group Research
Professor Kent Mann and several other researchers at the University of Minnesota, Twin Cities, have
been working on a solution to the irreproducibility and degradation of oxygen sensors for some time
17

and are the source of much of the above information about these Xantphos and POP copper (I)
complexes. The Mann group work also demonstrates the advantages of developing copper (I) emitting
materials to solve many photoluminescence oxygen sensors’ problems. The Mann group has made
great headway in their studies providing excellent information directly applicable to this study and have
obtain exciting results. Oxygen sensors of their complexes including dmp, Xantphos, and POP have
been calculated to allow over 5000 measurements near oxygen partial pressures in air before a 1% error
would be introduced due to degradation.[5] Even more promising for the group, the degradation of the
sensors in the Xantphos family was uniform and reproducible. Therefore, the useable life of the sensor
could be extended by another factor of 10 (over 50000 measurements) if the sensor’s data handling
model accounted for the effects of degradation after the 5000 measurement mark.[5] If the sensed gas
was lower in oxygen concentration than air, even more samples could be obtained within the 1% error
limit. The reproducibility and lifetimes of instruments using Mann group copper (I) complexes are far
better than conventional sensors. But this is not the limit. This group, as well as others, have provided a
wealth of information about synthetic aspects and practical sensor properties of copper (I) sensors. Our
goal is to synthesize and characterize even more effective sensors with unique electronic and structural
features.
Heterobidentate ligands
In this study, we are interested in exploring the effects of the use of symmetric and asymmetric
phosphine sulfide ligands on the photochemical and electronic properties of copper metal complexes to
determine their potential as photoluminescent oxygen sensors. For the copper(I) salts under
examination in this study it is a fairly easy to change the counter ion of a complex using a metathesis
reaction and so we will be using only BF4- salts. Though we have seen the researchers use other bulkier
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anions to increase sensing ability by increasing void space, [4,5] this study will focus on optimizing the
photophysics of the copper cation such as lifetime to improve sensing ability.
Specifically, this study will focus on the effect of adding a sulfur atom to one of the
phosphorous atoms of both the POP and Xantphos phosphine ligands. These heterobidentate ligands
have been used in other applications such as catalysis, but their photochemistry is fairly unknown.
Heterobidentate ligands such as a Xantphos sulfide (XantphosS) or POP sulfide (POPS) can bond to a
single metal twice, with a M-S and M-P bond, and offer several advantages over traditional symmetrical
diphosphane ligands by creating steric and electronic asymmetry at the metal center.[13] The
phosphorus atom of these ligands is an excellent π electron acceptor and so draws electron density
away from the central copper atom while at the same acts as a strong σ donor to the copper(I) center.[14]
This leads to a fairly strong metal-ligand bond. The sulfur, on the other hand, is a weak π donor.
Electron density is not only drawn away from the sulfur onto the copper through π orbitals, but sulfur
also acts as a σ donor to make the metal-ligand bond.[14] Weaker metal-ligand bonding (Cu-S) results,
compared with the Cu-P bonding.
Donors atoms with different donor properties, often one hard (P) and one soft (S) donor, may
lead to hemilability and a shift in emission wavelength. Hemilability is the ability of a ligand to attach
and detach easily at one of the bonding atoms, in our case the sulfur while maintaining another strong
metal-ligand bond (Cu-P) preventing complete metal ligand dissociation. The sulfur atom of the
phosphine sulfide ligand is electron poor as the P=S bond weakens the ability of the sulfur to donate
electrons for further bonding with copper. The weaker bonding to the metal center compared to the
electron rich phosphorus allows the Cu-S bond to easily dissociate. So upon dissociation of the sulfurmetal bond, the phosphine sulfide ligand is still anchored to the metal by the inert phosphorus-metal
bond. The flexibility caused by hemilibility has already been found to be beneficial in catalysis when the
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system requires a ligand to accommodate different geometries as its metal complex rearranges to form
different intermediates during the course of the catalytic cycle.[16]
The shift in emission wavelength is also attributed to the different properties of sulfur and
phosphorus. By binding to phosphorus the d orbitals of the copper are split further apart into higher
and lower energies. [17] Because the 3MLCT[d(Cu)  π*] absorption originates from the lower energy d
orbitals, the addition of the phosphine ligand should create a larger energy gap between ground and
excited state compared to [Cu(phenanthroline)2]+.[17] In doing so the wavelengths emitted will be higher
energy and therefore blue shifted. Just the opposite is true of the sulfur. As a weak

donor, the sulfur

decreases the metal orbitals energy separation therefore will produce lower energy red shifted
emission. [17]

Figure 6: Different splitting of copper's d orbitals upon binding to bis phosphine ligand or mono sulfided derivative. Excited
state (π*dmp) is unaffected by binding of the bis phosphine or sulfided derivative and remains at the same energy level

Other studies exploring XantphosS and POPS ligands in Pd complexes have indicated that the sulfur
in P=S ligands prefer to bond to metals with ~90o bite angles.[14] These geometries are substantially
different the same complexes with the parent non-sulfided bisphosphine complexes due to the
increased flexibility offered by the sulfur at the metal.[14] The consequence of the S-metal-P angle
tending to approach 90o produces conformations which tend to fold the phosphine sulfide ligand toward
the metal.[18] In the crystalline structure of the more flexible POPS, in comparison to XantphosS, the
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phenyls of the free phosphorus are forced to be nearly perpendicular to ones on the sulfide phosphorus
due to this change in geometry and steric hindrance in the rest of the molecule. XantphosS, with a more
constrained backbone, has the phenyls of the two phosphorus atoms nearly parallel in the crystalline
structure.[14] Using these sulfide phosphine ligands in our complexes adds flexibility at the copper center
to allow the metal to adapt its preferred geometry in the ground state as was seen in the Pd complexes.
Altering the geometry and electronic structure may decrease the energy separation between the copper
d orbitals and the dmp π*orbitals of the excited state therefore increasing quantum yields and perhaps
emission lifetimes for superior sensors.
Brief Instrumental Introduction and Application to Our Study
In the synthesis, characterization, and assessment of XantphosS and POPS copper complexes, we
implemented a variety of techniques such as phosphorus NMR, X ray crystallography, mass
spectrometry, UV-Vis spectroscopy, and solid-state emission and lifetime measurements. The results
from these studies in comparison with related structures in the literature will help us determine what
combination of ligands provides the most potential for use as a sensor.
NMR: Advantage of 31P NMR for our studies
Of particular use in this study is phosphorus-31 nuclear magnetic resonance (NMR)
spectroscopy. The complexes we studied utilize phosphine ligands. As such these complexes will all
contain phosphorus atoms. 31P is an excellent nucleus to use in NMR because it has an isotopic
abundance of 100%, a relatively high magnetogyric ratio, and a spin of ½. This makes the technique
useful to assess purity and assign structures of phosphorus-containing compounds because the signals
are well resolved and occur at characteristic frequencies. Increasing the ease of interpretation, our
ligands and by extension complexes will contain maximum of two different phosphorus atoms. These
two phosphorus atoms are not only the site of the chemistry we are interested in, but they will produce
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only two signals in the spectra. Other NMR techniques more commonly used in organic chemistry such
as 1H and 13C NMR will give rise to mostly overlapping aromatic resonances, and thus will not assist with
characterization of the compound, but will none the less be performed on complexes with the most
promise as sensors for the sake of completion. Chemical shifts and coupling constants span a large range
from abut δ250 to -δ250 and a typical linewidth of 1 Hz, which again makes different signals easier to
resolve and spectra easy to interpret.
A 400 MHz Jeol NMR spectrometer was utilized to obtain all 1H, 13C, and 31P spectra examined in
this study. Chemical shifts are reported in units of ppm with an external reference to the chloroform
peak in the proton and carbon spectra and to H3PO4 in the phosphorus spectra.
Crystallography
One of the most useful techniques to characterize the atomic structure of a crystalline
compound and discern materials that appear similar by other experiments is X-ray crystallography. The
method involves directing X-rays at a crystal sample and measuring the diffraction pattern that results,
based on the atom types and arrangement in the crystal lattice. In most methods the scattering is
elastic, so an X-ray striking an electron produces secondary X-ray waves of the same intensity emanated
from the electron. From the angles and intensities of these diffracted beams, a three-dimensional
picture of the electron densities within the crystal is obtained. From this electron density, the mean
positions, the types of bonds, disorder, and other information about the atoms in the crystal can be
determined with great accuracy. For single crystals of sufficient purity and regularity, X-ray diffraction
data can provide the mean chemical bond lengths and angles to within a few thousandths of an
angstrom and to within a few tenths or hundredths of a degree, respectively. The atoms in a crystal are
not static, but vibrate about their mean positions, usually by less than a few hundredths or thousandths
of an angstrom. X-ray crystallography allows for measuring the size of these thermal oscillations.
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X-ray crystallography includes three basic steps. First, an adequate crystal of the complex must
be obtained. The crystal should be sufficiently large (typically larger than 0.1 mm in all dimensions), pure
in composition and regular in structure, with no significant internal imperfections such as cracks.
Second, the crystal is mounted on a goniometer and gradually rotated while being exposed to an intense
beam of X-rays, usually of a single wavelength (often Mo Kα radiation = 0.71073 Ǻ), producing a
diffraction pattern of regularly spaced spots known as reflections. Each spot, called a reflection,
corresponds to the reflection of the X-rays from one set of evenly spaced planes within the crystal. As
the crystal is gradually rotated, previous reflections disappear and new ones appear; the intensity of
every spot is recorded at every orientation of the crystal. Multiple data sets may have to be collected,
with each set covering slightly more than half a full rotation of the crystal and typically containing tens
of thousands of reflections. In the final step, the two-dimensional images taken at different rotations are
converted into a three-dimensional model of the density of electrons within the crystal, combined with
chemical data known for the sample to determine a refined model of the arrangement of atoms within
the crystal. The final, refined model of the atomic arrangement is usually stored in a public database.
Mass Spectrometry
Another important analytical tool for this study was mass spectrometry. Mass spectrometry is
an analytical technique that measures the mass-to-charge ratio of charged molecular species. It is used
for determining masses of ions, for determining the elemental composition of a sample or molecule, and
for elucidating the chemical structures of molecules. The mass spectrometry principle consists of
ionizing chemical compounds to generate charged molecules or molecule fragments and measuring
their mass-to-charge ratios. The technique has both qualitative and quantitative uses. These include
identifying unknown compounds, determining the isotopic composition of elements in a molecule, and
determining the structure of a compound by observing its fragmentation.
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Of import is the qualitative information that we can glean from this instrument. Because of the
hemilability the heterobidentate phosphine sulfide ligands POPS and XantphosS mentioned earlier,
there is a possibility of creating copper complexes containing two copper atoms, two phosphine ligands
and two dmp ligands in a large ring instead of our desired complexes containing only one of each. These
dinuclear complexes have been reported in the literature with similar ligands and other characterization
methods such as NMR would not be able to differentiate between the two possible complexes (See
Figure 7).[16,19] The mass-to-charge ratio for the mono-and di-nuclear complexes both are the same
because the dinuclear species have double the charge and double the mass. A single mass/charge ratio
by mass spec is not useful in this case.
Explanation of Isotopic Distribution: Mono- v. Dinuclear Copper Complexes

Figure 7: Possible mono and dinuclear copper complexes

Fortunately, mass spectrometry can differentiate mono- and dinuclear complexes as they each
possess a unique isotopic distribution around the same mass/charge region of a scan (See Figure 8).
Copper, with its natural isotopic abundances of 63Cu (69.2%) and 65Cu (30.8%) will produce two different
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distributions of masses because the mononuclear complex contains only one isotope and the dinulcear
complex contains any combination of the two. Besides the shape of the distribution, one can easily
differentiate between the mono- and dinuclear complexes because the dinuclear complex will produce
ions at half mass/charge ratios (842.5 m/z). This is because the mass of the complex with odd
numbered isotopes (63 and 65) is being divided by a 2+ charge.

Figure 8: Mass/charge isotopic simulation of mono- and dinuclear species generated using Scientific Instrument Service's
Isotope Distribution Calculator and Mass Spec Plotter

The particular instrument used in this study was St. Thomas University’s Micro Mass Q-Tof-2
mass spectrometer with z electro spray ion source. Data was evaluated using MassLynx V4.1 software
and plotted in Microsoft Excel.
UV-Vis Spectroscopy
Because we are interested in the emission of our copper complexes, ultraviolet–visible (UV-Vis)
spectroscopy is another useful tool to reveal some information concerning the types of excited state
transitions possible in our systems. This technique measures the absorption of light in the ultraviolet25

visible spectral region by our complexes between wavelength of 200-800 nm. The absorption in the
visible range directly affects the perceived color of the chemicals involved. We used St. Catherine
University’s Varian Cary 100 UV-Visible Spectrometer for all absorption studies.
Solid State Emission Lifetimes

Figure 9: Block Diagram of Custom Emission Lifetime Instrument

The setup for the emission lifetimes courtesy of Dr. Kent Mann at the University of Minnesota
shown in Figure 9 requires explanation. Of most interest in the setup is bifurcated fiber optic that is
focused on the sample. The enlarged cross section of the end of the bifurcated optic to the right of the
block diagram shows a group of circles that represent the two types of fibers that compose the fiber
optic: one represented by the black circle in the center which directs the excitation beam (405 nm LED
light) while the outer six white circles collect the emitted light from the sample after the excitation. The
process starts with the voltage intensity control. Here the intensity and timing of the excitations source
(LED) are adjusted. The length and intensity of the LED’s excitation pulse and the frequency of that
pulse can be observed on the oscilloscope while adjusting the setting for an optimum measurement of
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the lifetime of emission. Ideally, the excitation source should be turned on long enough for the sample
to achieve a steady-state emission saturation and turned off long enough to observe at least 4 half-lives
of the emission decay. This, conveniently enough, can also be observed on the oscilloscope when the
emission band levels off to some maximum during the length of the pulse and then exponentially decays
to close to zero when the laser is turned off. In our experiments, each pulse was approximately 1.1 µs
long and repeated every 95 µs for the measurement of crystalline [Cu(POPS)dmp]BF4 and repeated
every 12 µs for the same complex in the powdered form. The timing of the excitation by the voltage
intensity control and the detection of the emission by the photomultiplier tube is controlled by the
timing control so that the detector is only collecting emitted light immediately after the excitation
source is turned off. The computer accepts the averaged data over thousands of pulse experiments
from the oscilloscope as the raw emission decay data. Because emission decay is exponential, we then
later re-plotted the data as the ln vs. time to extract the life time of the complex from the resulting
linear slope.
Quantum yield studies
All complexes to be incorporated into quality photo luminescent sensors need to have a high
quantum yields in order to sense changes in oxygen concentration. The quantum yield of a radiationinduced process is the number of times that a defined event occurs per photon absorbed by the system
(See Equation 3). The "event" in our case is the emission of a photon of light; it is essentially a measure
of the efficiency of a complex to emit light and can be given by the equation:
Equation 3: Quantum yield for an emission process
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The maximum quantum yield of 1.0 (100%) would indicate that every photon absorbed resulted
in a photon emitted. This is never seen because inevitably some energy absorbed is lost in non-radiative
processes including vibrations. Compounds with quantum yields of 0.10 are still considered quite
emissive.[4,5] Studies of compounds analogous to ours have seen quantum yields of 0.90.[4,5] To be an
effective sensor we are looking for much more efficient lumiphores than typical emissive systems. Due
to time constraints, we were unable to measure the quantum yield of any of our compounds, but we
were able to conclude that compounds such as [Cu(POPS)dmp]BF4 had quantum yields comparable to
[Cu(POP)dmp]BF4 because they exhibited similar emission intensity under the same excitation
conditions.
Cyclic voltammetry
Cyclic voltammetry (CV) was also used to further study the electrochemistry of our complexes.
Cyclic voltammetry is generally used to study the electrochemical properties of an analyte in solution.
The method uses 3 different electrodes: a reference, working, and auxiliary electrode as shown in Figure
10. In a CV experiment, a potential is applied between the reference and working electrode. The
applied potiential is in reference to the reference electrode; in our case, all of CV experiments were
performed in reference to a Ag/AgCl electrode and the working electrode was a glassy carbon electrode.
The potential generated between these two electrodes can induce the analyte to capture or release an
electron. The current generated by the capture (reduction) or release (oxidation) of an electron by the
analyte or electrolyte in the solution is measured between the working and auxiliary electrode (a
platinum wire in our experiments). Electrolyte is added to the analyte solution to ensure sufficient
conductivity and determines the range of the accessible potential. [21] The electrolyte added to the
solution may be oxidized or reduced as well, and since it is in such large quantities in the bulk solution
the electrolyte signal would overwhelm any current generated from the analyte at the electrolyte’s
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redox potentials. In this study we use a 0.1M tetrabutyl ammonium hexafluoro phosphate (TBA PF6)
electrolyte solution with dichloromethane as the solvent. The electrolyte TBA PF6, unlike NaCl, is nonreactive with our metal complex and is readily soluble in dichloromethane, which is the solvent used to
dissolve the majority of our copper complexes.

Figure 10: Cyclic voltammetry set up by Michael Hellen at
http://web.nmsu.edu/~snsm/classes/chem435/Lab13/procedure.html

During an experiment the electrodes are still in the unstirred analyte solution. This unstirred
solution creates diffusion controlled peaks in the cyclic voltamagram which lead to the desired peak
shapes as the available analyte around the working electrode for red/ox is depleted. This method also
allows a portion of the analyte to remain after red/ox where it may display further redox activity.[21]
Stirring the solution between cyclic voltammetry traces is important to supply the electrode surface with
fresh analyte for each new experiment.
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Figure 11: Cyclic Voltammetry Applied Potential Waveform

To analyze the oxidation and/or reduction potentials of an analyte the working electrode
potential is ramped linearly versus time, as shown in Figure 11.[21] The rate at which this ramping occurs
is the experiment's scan rate (typical values are 5-100 mV/s ). When a set potential is reached, the
working electrode's potential ramp is inverted creating the triangular waveform of the potential. The
current at the working electrode is plotted versus the applied voltage to give the cyclic voltammogram
trace (Figure X). This data is then plotted as current (μA) vs. potential (V).

Figure 12: Example cyclic voltamagram of a reversible redox couple retrieved from
http://www.basinc.com/mans/EC_epsilon/Techniques/CycVolt/cv.html
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As Figure 12 shows, the forward scan produces a current peak for analyte that is reduced (or
oxidized depending on the initial scan direction) through the range of the potential scanned.[21] The
current will increase as the potential reaches the reduction potential of the analyte, but then falls off as
the concentration of the analyte is depleted close to the electrode surface. If the redox couple is
reversible then when the applied potential is reversed, it will reach the potential that will reoxidize the
product formed in the first reduction reaction, and produce a current of reverse polarity from the
forward scan.[21] The oxidation peak will usually have a similar shape to the reduction peak. The
voltammagram (Figure X) shows an example of a reversible reduction and subsequent oxidation. As a
result, information about the redox potential and electrochemical reaction rates of the compounds can
be obtained.
The solubility of an analyte can change drastically with its overall charge during the experiment.
Since CV usually alters the charge of the analyte it is common for reduced or oxidized analyte to
precipitate out onto the electrode, become unstable, react with the solvent, or undergo some chemical
transformation.[21] The layering of analyte on the working electrode can insulate the electrode surface,
display its own redox activity in subsequent scans, or at the very least alter it.[21] For this and other
reasons it is often necessary to clean electrodes between scans, as was done after every one of our
experiments.
The utility of cyclic voltammetry is highly dependent on the analyte being studied. The analyte
has to be redox active within the experimental potential window (which is set by the user and depends
again on the redox potential of the electrolyte solution). It is also highly desirable for the analyte to
display a reversible wave. A reversible wave, like the one on the above, is when an analyte is reduced or
oxidized on a forward scan and is then re-oxidized or re-reduced in the reverse. Reversible couples will
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display a ratio of the peak currents passed at reduction (ipc) and oxidation (ipa) that is near unity (1 =
ipa/ipc).[21]
When such reversible peaks are observed thermodynamic information in the form of half-cell
potential Eo1/2 can be determined. When waves are non-reversible it is impossible to determine a
thermodynamic Eo1/2.[21] When a wave is non-reversible cyclic voltammetry cannot determine if the wave
is at its thermodynamic potential or shifted to a more extreme potential by some form of overpotential
due to precipitation of the analyte onto the working electrode.[21] The couple could be irreversible
because of a chemical process, like a shift in the geometry of the coordination sphere of a transition
metal complex like ours.[21] Higher scan rates may allow irreversible waves to become reversible as the
scan rate begins to be competitive with kinetic features of an irreversible redox process. Even if a
process is irreversible CV is still a useful experiment to glean information about the electrochemistry of
the system. An ipc or ipa for an irreversible redox couple is unique information about that system that
can be used as a comparative or characterizing tool.
Experimental
General Considerations
Solvents Used
Toluene was used in all of the syntheses of the sulfide ligands because it effectively solvates
sulfur and the ligands. Recrystallization of the sulfide ligands was achieved through the use of
dichloromethane and hexane, whereas all copper complex recrystallizations were achieved with the use
of dichloromethane and ethyl ether. The copper complex syntheses were performed in
dichloromethane. All of these solvents were obtained from commercial sources and used without
further purification.
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Purchased Ligands
The POP=bis[2-(diphenylphosphino)phenyl]ether and Xantphos=4,5-bis(diphenylphosphino)-9,9
dimethylxanthene were purchased from Acros Organics. Dmp=2,9-dimethyl-1,10-phenanthroline and
copper (II) tetrafluoroborate hydrate were all purchased from Sigma-Aldrich Chemical Co. Finally the
sulfur used was obtained from Matheson, Coleman, and Bell. All of these compounds were used as
received. [Cu(CH3CN)4]BF4 and triphenylphosphine sulfide were synthesized in a previous study by
literature procedures.[17] See Figure 13 for Lewis structures.

Figure 13: Ligands purchased or previously made that were used in this study

Synthesis
Ligands
XantphosS. The ligand Xantphos (0.4064 g, 0.691 mmol) was dissolved in 15 mL of toluene in a
250 mL round bottom flask at room temperature. Stirring was maintained as the clear and colorless
solution was cooled in an ice bath and allowed to cool to 2 oC. At this point an additional 0.5 mL of
toluene was added to ensure all of the ligand was still in solution. Then elemental sulfur (0.0230 g, 0.691
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mmol) was added slowly under stirring over the course of 30 minutes. Upon completion of the sulfur
addition, the solution was removed from the ice bath, covered, and allowed to react under stirring at
room temperature for 2 hr (See Figure 14). Solvent was removed from the solution under reduced
pressure to yield 0.3731 g (0.611 mmol, 87% yield) of a white powder. 31P NMR of the crude solid
revealed that the powder consisted of approximately 40% ligand Xantphos, 56% Xantphos mono-sulfide,
4% Xantphos di sulfide. 31P NMR (CDCl3) δ 40.49 (di P-S), 39.36 (mono P-S), -20.05 (Xantphos P), -23.29
(mono P)

Figure 14: Synthesis of XantphosS Ligands

The solid was recrystallized using CH2Cl2/Hexanes 0.2960 g (0.487 mmol 70% reaction yield).
The31P NMR of the purified second crop revealed that the recrystallized solid was 92% Xantphos mono
sulfide and 8% Xantphos di sulfide. 31P NMR (CDCl3) δ 43.19 (di P-S), 42.07 (mono P-S), -20.24 (mono P)
POPS. The purchased ligand POP (1.0238 g, 1.857 mmol) was dissolved in 30 mL of toluene in a
250 mL round bottom flask at room temperature. Stirring was maintained as the clear colorless solution
was cooled in an ice bath to 3 oC. At this point an additional 0.5 mL of toluene was added to ensure all
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of the ligand was still in solution. Then elemental sulfur (0.0609 g, 1.857 mmol) was added slowly under
stirring over the course of 30 minutes. Upon completion of the sulfur addition, the solution was
removed from the ice bath, covered, and allowed to react under stirring at room temperature longer
than the Xantphos mono sulfide reaction to attempt to improve the yield (24 h). Overnight a white solid
precipitated out of solution (See Figure 14). The solution was then filtered on a medium size frit, yielding
0.1430 g (13% yield, 0.237 mmol) of a white powder
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P NMR revealed that this precipitated white solid

consisted exclusively of POPS2 31P NMR (CDCl3) δ 41.48 (di P-S).

Figure 15: Synthesis of POPS Ligand

After the precipitated POPS2 was isolated solvent was removed from the filtrate under vacuum
pressure to produce another white powder that was found to be 30% POP, 70% POPS by 31P NMR: 31P
NMR (CDCl3) δ 42.79 (mono P-S), -16.11 ppm (unreacted POP P), -17.26 ppm (mono P). This impure
solid isolated from the filtrate was recrystallized using CH2Cl2/Hexanes to produce 0.1430 g (39% yield,
0.251 mmol) of a white flaky solid. This recrystallized second crop was found to be 98% the desired
POPS product and 2% POPS2 by 31P NMR: 31P NMR (CDCl3) δ 42.68 (mono P-S), -14.78 (POP P), -16.97
(mono P)
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Copper Complexes
[Cu(SPPh3)2dmp]BF4.

[Cu(CH3CN)4]BF4 (0.1071g, 0.340 mmol) was dissolved into 25 ml of dichloromethane in a 250
mL round bottom flask at room temperature and was stirred. The [Cu(CH3CN)4]BF4 was very soluble and
the solution appeared pale yellow-green. Then triphenylphosphine sulfide (S=PPh3) (0.2053g, 0.680
mmol) was added under stirring, producing no change in solution color or clarity. Upon addition the of
dmp (0.0735g, 0.340 mmol) the solution immediately turned to a bright red orange color, and was left
under stirring in the hood for 3 hours (See Figure 16). After the 3 hour period, the solution was found to
possess little to no emission at the 254 nm and 365 nm wavelengths from the hand-held UV lamp.

Figure 16: Synthesis of [Cu(SPPh3)2dmp]BF4
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To isolate the product 100ml of diethyl ether was added to the stirred solution and precipitated
a light yellow orange solid. The flask containing the solution and newly precipitated solid was then
capped and left in a refrigerator over for two days. During that period the solid precipitate changed
color to a yellowish green. This solid and the reddish orange residue at the top of the flask did not emit
at either UV length. The solution was vacuum filtered using a medium frit and the solid was dried under
the vacuum. A pastel green powder was isolated (37% yield,0.126 mmol).
Attempts to obtain phosphorus and carbon NMR yielded poor, unclear results as
[Cu(SPPh3)2dmp]BF4 was only sparingly soluble in the CDCl3 solvent. A low quality proton NMR was
obtained: 1H NMR (CDCl3) δ 9.09 and 8.49 singlets, 7.80-7.42 multiplet aromatics, 2.43, 2.27, 2.03, 0.83
broad singlets 0.83.
The flask containing the filtrate was saved and produced large orange rectangular crystals with a
vinaigrette smell. These crystals, which are more likely to be the desired product as they were the
orange color we would have expected for these types of copper complexes, were very soluble in the
CDCl3 NMR solvent:
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P NMR (CDCl3) δ 43.97 singlet (free ligand P-S) and 31.84 broad singlet (P-S-Cu);

13

C NMR (CDCl3) δ 132.15, 131.5, and 128.54 multiplets (aromatic); 1H NMR (CDCl3) δ 7.76-7.43

(aromatic)
The poor quality, cloudy crystals were removed and crushed to observed color of the crystal and
appeared to merely be covered in an orange film. Due to the solubility issues of the isolated powder
and lack of quality crystals experiments with [Cu(SPPh3)2dmp]BF4 were abandoned and the complex was
no longer considered a candidate for a sensing material.
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[Cu(dmp)2 ]BF4.

[Cu(CH3CN)4]BF4 (0.0763 g, 0.240 mmol) was dissolved into 10 ml of dichloromethane in a 50 mL
round bottom flask at room temperature. Then dmp (0.1041 g, 0.480 mmol) was added to the stirred
solution and immediately turned deep red, remained clear, and was left under stirring in the hood for 2
hours (See Figure 17). The solution’s surface possessed no emission under the hand-held UV lamp at
either 254 nm or 365 nm.

Figure 17: Synthesis of [Cu(dmp)2]BF4

Approximately, 30 mL of diethyl ether was added to the stirred solution to precipitate a bright
red solid. The flask containing the solution and newly precipitated solid was then capped and left in a
refrigerator for a couple hours. The solution was vacuum filtered using a medium frit and the solid was
dried under the vacuum. A bright red powder was isolated (83% yield, 0.199 mmol). Proton NMR
revealed the same characteristic peaks in the aromatic region as the free ligand only shifted up field.
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This in combination with the deep red color of the solid indicates that both dmp ligands were
successfully coordinated to the metal.
Because of the extensive information in the literature about the bis-dmp complex, [Cu(dmp)2 ]BF4 will be
examined in this study for comparison to determine the effects of adding phosphine and phosphine
sulfide ligands on oxygen sensing properties.[4, 7-12]
[Cu(POP)dmp ]BF4.

[Cu(CH3CN)4]BF4 (0.1051 g, 0.334 mmol) was dissolved into 10 ml of dichloromethane in a 100
mL round bottom flask at room temperature. Then POP (0.1808 g, 0.334 mmol) was added under
stirring, producing no change in solution color or clarity. Immediate upon addition of dmp (0.0722 g,
0.334 mmol) the solution turned bright yellow, remained clear, and was left under stirring in the hood
for 2 hours (See Figure 18). The solution’s surface was found to possess moderate neon yellow emission
at 365 nm wavelengths from the hand-held UV lamp.
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Figure 18: Synthesis of [Cu(POP)dmp]BF4

Approximately, 30 mL of diethyl ether was added to the stirred solution to precipitate a neon
yellow solid. The flask containing the solution and newly precipitated solid was then capped and left in a
refrigerator over for a day. The solution was vacuum filtered using a medium frit and the solid was dried
under vacuum. A neon yellow powder was isolated (98% yield, 0.327 mmol). See the NMR section for
NMR chemical shifts to characterize this complex.
The synthesis of [Cu(POP)dmp ]BF4 yielded promising results as the complex was the expected
color, exhibited strong emission from the hand-held UV lamp at both 254 nm and 365 nm, and was pure
by the NMR. This complexes was extensively used in this study to examine the effects of the POP ligand
on oxygen sensing and was used for comparison with the [Cu(POPS)dmp]BF4 to determine the effect of
the sulfur.[4,5]
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[Cu(dmp)POPS ]BF4.

[Cu(CH3CN)4]BF4 (0.1183 g, 0.351 mmol) was dissolved into 10 ml of dichloromethane in a 100
mL round bottom flask at room temperature. Then POPS (0.2017 g, 0.351 mmol) was added under
stirring, producing no change in solution color or clarity. Immediate upon addition of dmp (0.0730g,
0.351 mmol) the solution turned bright orange red, remained clear, and was left under stirring in the
hood for 5 hours. The solution’s surface was found to possess moderate yellow-orange emission at 365
nm wavelengths from the hand-held UV lamp.
Approximately, 30 mL of ethyl ether was added to the stirred solution to precipitate a light pale yelloworange solid (See Figure 19). The flask containing the solution and newly precipitated solid was then
capped and left in a refrigerator over for 2 d. The solution was vacuum filtered using a medium frit and
the solid was dried under vacuum. A yellow-orange powder was isolated (89% yield, 0.312 mmol). 31P
NMR (CDCl3) δ 44.71 (P-S) and 41.20 broad (P-Cu)
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Figure 19: Synthesis of [Cu(POPS)dmp]BF4

Recrystalization in dichloromethane and diethyl ether produced large yellow crystals with very
strong neon yellow emission at 365 nm and 254 nm using the hand-held UV lamp. The POPS complex is
another promising material and was studied extensively for the effects of adding a sulfur to the POP
ligand, the asymmetry of a heterobidentate ligand, and its sensing abilities in the later sections.
[Cu(dmp)POPS 2]BF4.

[Cu(CH3CN)4]BF4 (0.0522 g, 0.166 mmol) was dissolved into 10 ml of dichloromethane in a 100
mL round bottom flask at room temperature with no color change. Then POPS2 (0.1021 g, 0.166 mmol)
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was added under stirring, producing no change in solution color or clarity. Immediate upon addition of
dmp (0.0346 g, 0.166 mmol) the solution turned bright red orange, remained clear, and was left under
stirring in the hood for 3 hours (See Figure 20). After the 3 hour period, the solution’s surface was found
to possess moderate emission at 365 nm wavelengths from the hand-held UV lamp.

Figure 20: Synthesis of [Cu(POPS2)dmp]BF4

Approximately 50 mL of diethyl ether was added to the stirred solution to precipitate a light
pastel yellow-orange solid. The flask containing the solution and newly precipitated solid was then
capped and left in a refrigerator over for two days. The solution was vacuum filtered using a medium
frit and the solid was dried under vacuum. A pastel peachy-pink powder was isolated (78% yield, 0.129
mmol). The filtrate possess was bright yellow and solvent was removed under vacuum to produce less
than 0.5 mL of a yellowy brown oil.
Attempts to recrystallize the peachy-pink solid with dichloromethane and diethyl ether induced
precipitation of copious amounts of fine white solid in a clear bright orange solution. The orange
solution, more likely to contain the product due to its color, was decanted off and put in a different
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recrystallization vial and to attempt another recrystallization using dichloromethane and diethyl ether.
The recrystallization of the clear bright orange solution from the first recrystallization event produced
large deep red crystals with little emission at 365nm. These crystals were determined to be the
[Cu(dmp)2]BF4 complex, not our desired [Cu(POPS2)dmp]BF4 complex. The remaining white solid from
this process was found to be insoluble in methanol, toluene, and dichloromethane. Its identity was
indeterminable due to its plethora of solubility issues.
The synthesis of this complex was assumed to have failed. The red crystals of [Cu(dmp)2 ]BF4
and the white solid assumed to be [Cu(POPS 2)2]BF4 though we cannot be certain due the solubility
issues of the powder was a failure of the POPS2 to make a strong metal ligand bond and the more
thermodynamically bis dmp complex formed preferentially. Perhaps adding two sulfurs to the already
flexible POP ligand makes POPS2 too flexible to bond to the copper center with two weak pi donating
sulfurs. Further studies of this complex were abandoned.
[Cu(dmp)(XantphosS)]BF4.

[Cu(CH3CN)4]BF4 (0.1029 g, 0.328 mmol) was dissolved into 15 mL of dichloromethane in a 250
mL round bottom flask at room temperature with no color change. Then XantphosS (0.1990 g, 0.328
mmol) was added under stirring, producing no change in solution color or clarity. Immediate upon
addition of dmp (0.0687 g, 0.328 mmol) the solution turned bright red orange, remained colorless, and
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was left under stirring in the hood for 2 hours (See Figure 21). After the 2 hour period, the solution’s
surface was found to possess moderate yellow-orange emission at 365 nm wavelengths from the handheld UV lamp.

Figure 21: Synthesis of [Cu(XantphosS)dmp]BF4

The solution was reduced in volume under reduced pressure to concentrate the complex and
reduce the amount of diethyl ether required for precipitation. Diethyl ether (30 mL) was added to the
stirred solution to precipitate a light bright yellowy orange solid. The flask containing the solution and
newly precipitated solid was then capped and left in a refrigerator over for four days. The solution was
vacuum filtered using a medium frit and the solid was dried under vacuum. A chunky brownish orange
was isolated (74% yield, 0.243 mmol) and found to have moderate yellow-orange emission at 365nm.
The complex’s color and emission fit as an intermediate between the Xantphos and XantphosS2 analogs
that were previously synthesized by another student, Holly Schwartzbauer.
The [Cu(XantphosS)dmp]BF4 compound was readily soluble in CDCl3 and 31P NMR spectra were
readily obtained. 31P NMR (CDCl3) δ -11.01 broad (P-Cu), 24.62, 32.36, 34.18, 38.04, 39.29, 41.36, and
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44.68 (P-S). It was clear from the spectra that the sample contained impurities, so attempts were made
to recrystallize in dichloromethane and diethyl ether the complex for later experiments with minimal
success. Because of the difficulties purifying our XantphosS complex studies with
[Cu(dmp)(XantphosS)]BF4 were abandoned to focus on comparison of the POP analogs and bis dmp
complexes.
Characterization & Discussion
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P NMR

Ligands
The phosphorus NMR was quite helpful in the characterization of the ligands used in this study
(See Figure 22 and Table 1 for more detail). The phosphorus NMR of Xantphos contained only one
singlet peak at -20.05 ppm. The identical phosphorus atoms of Xantphos give a single signal. In
XantphosS and POPS, we can clearly see the effect of the sulfur. The same singlet corresponding to the
unsulfided phosphorus is at a similar chemical shift as the free ligand (-20.24 ppm), but has now become
broad (Hz width of free phosphorous at half max for POP=0.05 and POPS=0.22). This may be due to the
movement of the lone pair of the sulfur on the other phosphorus past unsulfided phosphorus in solution
leading slightly different electronic environments for that phosphorus that the instrument can detect,
but not resolve. This effect is especially present in the difference in chemical sifts of the unsulfided
phosphorus in the more flexible POP (-14.78 ppm) and POPS (-16.97 ppm) ligands. Because POP has
much more flexibility the sulfur easily moves about the unsulfided phosphorus to alter the environment
of its electron density. The addition of the electron withdrawing sulfur also deshields the attached
phosphorus and results in a downfield shift more than 60 ppm in both XantphosS and POPS. The
phosphorus NMR was also useful to assess the purity of the ligands that were synthesized by comparing
the integration of each peak. All NMR were taken in CDCl3 with an external reference of H3PO4.
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Figure 22: P NMR of POP ligand and sulfided derivatives
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Table 1: P chemical shifts for POP and sulfide derivatives

Ligand
Xantphos
XantphosS

Shift (ppm) Assignment Special Features
-20.05
P
-20.24
P
broad
42.07
P-S
XantphosS2
43.19
P
POP
-14.78
P
POPS
-16.97
P
broad
42.68
P-S
POPS2
41.48
P
-

Copper Complexes
Phosphorus NMR also revealed some interesting information about our copper complexes to
help us determine if our syntheses were successful. As mentioned in the experimental sections
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complexes [Cu(SPPh3)dmp]BF4 and [Cu(POPS2)dmp]BF4 had a variety of solubility issues that made
acquisition of a suitable spectrum difficult. Work on these complexes was thus discontinued and they
are not included in the table of chemical shifts below (Table 2).
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Figure 23: P NMR of successfully synthesized POP copper complexes

[Cu(POPS)dmp]BF4, however, had no solubility issues in CDCl3 and yielded a very clean spectrum.
From the spectra of this complex a great deal can be learned about the changes in the electronic
environment of the phosphorus and the sulfided phosphorus when complexed to the metal (See Figure
23). In comparison to the free ligand, the P-S resonance shifts very little when complexed to the metal
(42.68 ppm (free ligand) to 39.85 ppm (copper complex)). This is likely due to the fact that the sulfur
insulates the phosphorus from the electronic effects of the copper because the sulfur is directly bound
to the metal. The reason the resonance shifted slightly is down field is a result of the sulfur acting as a
good π-donor and losing electron density to the metal. To make up for the loss there is some pull on the
electron density of the phosphorus that further deshields the atom and shifts P=S-Cu resonance
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downfield. These conclusions were supported by the minimal change in chemical shift and peak shape
for the P-S resonance in the [Cu(XantphosS2)dmp]BF4 complex.
The greatest chemical shift change is observed at the other phosphorus in [Cu(POPS)dmp]BF4
because it lacks the sulfur shield and is directly bound to the copper. Both isotopes of Cu (63Cu (69.2%
abundance) and 65Cu (30.8% abundance)) have a nuclear spin of 3/2 and are thus quadrupolar nuclei. As
such the copper has a quadruple moment so that copper’s ground state and excited state energies are
split by an electric field gradient, created by the electronic bonds in the local environment. Any nucleus
with more than one unpaired nuclear particle (protons or neutrons) will have a charge distribution
which results in an electric quadrupole moment. Allowed nuclear energy levels are shifted unequally
due to the interaction of the nuclear charge with an electric field gradient supplied by the non-uniform
distribution electron density and/or surrounding ions. These electronic effects of the Cu nucleus cause
broadening of the resonance.
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Table 2: P NMR copper complexes chemical shifts and special features

Copper Complex
[Cu(POPS)dmp]BF4

Shift (ppm)
Special Features
39.85 (P-S)
-14.20 (P)
Broad
[Cu(POP)dmp]BF4
-11.13
Broad
-11.01 (P)
Broad
24.62
32.36
34.18
[Cu(XantphosS)dmp]BF4
38.04
Broad, unreacted ligand
39.29
41.36 (P-S)
44.68
Unreacted ligand
[Cu(XantphosS2)dmp]BF4 40.89 (P-S)
44.65 (P-S)
unreacted ligand
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The 31P NMR of [Cu(XantphosS)dmp]BF4 was more complex than that of the other spectra,
which lead us to consider the possibility of a mono-and dinuclear complex mixture or equilibrium. The
sulfided phosphorus is assigned to the peak at 41.36 ppm because it was one of the largest peaks,
narrow, and around the same chemical shift for the sulfided phosphorus in the free ligand (42.07 ppm).
In a similar manner, the peak at -11.13 ppm to the unsulfided phosphorous because the shift of
approximately 9 ppm downfield from the free ligand would correlate to the shift seen for the P-S in
[Cu(POPS)dmp]BF4 of 3 ppm from the free ligand. Furthermore, this was the broadest peak in the
spectrum indicating a P-Cu bond. The other resonances were a little more difficult to assign. We believe
that the small resonance seen in the [Cu(XantphosS2)dmp]BF4 complex at 44.65 ppm is unreacted ligand
based on comparison with the unreacted ligands chemical shift of 43.19 ppm and the presence of clear
colorless needles in the attempts to recrystallize the compound. Similarly, the resonance seen at 44.68
ppm in [Cu(XantphosS)dmp]BF4 complex was assigned free ligand. Because [Cu(XantphosS)dmp]BF4 has
two different broad phosphorus resonances the broad peak at 38.04 ppm could belong to the free
ligand’s unsulfided phosphorus. The other peaks, however, are a mystery and are not seen in any other
complex’s spectrum. Due to the appearance of mono-and dinuclear complexes such as those seen
Figure 7 earlier in the instrumental section in the literature[16, 19] the possibility had to be considered
because it would help explain the peculiarity of the spectrum. Unfortunately, NMR is not a very useful
tool to determine the difference, and so we turned to mass spectrometry for answers.
Mass Spectrometry
Valuable information about the stability and structure of the complexes examined in this study
were gleaned from the mass spectrometry experiments (See Table 3). Initially, we were interested in
using mass spectrometry to determine if the [Cu(XantphosS)dmp]BF4 and perhaps other complexes we
synthesized were mono- or dinuclear species. As mentioned in the introduction, mass spectrometry

50

allows us to discriminate between mono- and dinuclear copper complexes due to the unique isotopic
signatures for each type of complex.
Table 3: Mass spectrometry molecular ion predicted and actual peaks of copper complexes and various fragments observed
in corresponding spectra

Compound
[Cu(XantphosS)(dmp)]BF4

[Cu(XantphosS2)(dmp)]BF4

[Cu(POPS2)(dmp)]BF4

[Cu(POPS)(dmp)]BF4

Observed m/z
Identification
479
[Cu(dmp)2]+
673
[Cu2(XantphosS)2]2+
479
[Cu(dmp)2]+
603
?
649
?
706
[Cu2(XantphosS2)2] 2+
479
[Cu(dmp)2]+
603
[Cu2(POP)2]2+
625
?
479
[Cu(dmp)2]+
609
[Cu2(POP)2]2+
633
[Cu2(POPS)2]2+
479
[Cu(dmp)2]+
634
[Cu2(POPS)2]2+
841
[Cu(POPS)(dmp)]+

Predicted m/z Cone Voltage
480.07
45
674.25
480.07
45
706.54
480.07
45
602.11
480.07
45
602.11
634.17
480.07
30
634.17
842.43

All mass spectra were collected in positive ion mode, and the complexes were introduced as
methanol solutions. Four complexes were examined: [Cu(POPS)dmp]BF4, [Cu(POPS2)dmp]BF4,
[Cu(XantphosS)dmp]BF4, and[Cu(XantphosS2)dmp]BF4 with cation molecular masses of 842.43, 874.5,
882.51, 914.58 g/mol respectively. Unfortunately, none of experiments yielded a molecular ion with the
expected molar mass to be any of our complexes. Every spectrum, however, contained one major peak
at a mass to charge ratio of 480 and a secondary peak around 630 m/z for every complex. As structural
evidence from the phosphorus NMR was consistent with the expected formulas, we postulated that the
ionization conditions were too hash for these systems. Even with one of the most gentle ionization
techniques (electrospray), it was possible that our complexes were undergoing decomposition during
ionization leading to rearrangement products observed in the spectra of all 4 complexes.
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The base peak (most dominant peak) at 480 m/z in every spectrum was consistent with the
[Cu(dmp)2]+ complex. Because this complex dominated the every spectrum and was later found as a
minor impurity in every crystallization attempt, we concluded that [Cu(dmp)2]+ the complex was a very
stable decomposition product. The other more variable m/z peak around 630 for each of the complexes
is assumed to be a bis phosphine complex to help account for all the ligands of the complexes originally
introduced. These results indicate that our complexes are not stable under the initial ionization
conditions of the electrospray source and the phosphine ligands easily dissociated from the copper in
favor of [Cu(dmp)2]+. We also observed some minor peaks indicating the weakness of the P-S bond and
subsequent loss of the sulfur from POPS2 and POPS from the presence of the m/z assigned as
[Cu2(POP)2]2+ in both spectra. Other, much smaller peaks were also observed and only some were able
to be identified (See Table 3).
To observe the m/z ratio for the complexes we synthesized the electrospray ionization source
cone voltage was reduced to 30V from 45V. Under these softer ionization conditions the phosphine
ligands were able to remain bound to the copper producing the dominant m/z peak (base peak with the
molecular mass of the cation [Cu(POPS)dmp]+) in the spectrum. Also, at this lower cone voltage the
presence of peak assigned to [Cu(dmp)2]+ (480 m/z) and bis-phosphine complex (634 m/z) was reduced
dramatically as seen in comparison of Figure 24 and 25. Due to time constraints only [Cu(POPS)dmp]BF4
was analyzed at the lower cone voltage.
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Figure 24: Mass spectrum of [Cu(POPS)dmp]BF4 under 45V ionization conditions

Figure 25: Mass spectrum of [Cu(POPS)dmp]BF4 under 30V ionization conditions

Detailed comparison of isotopic signatures of individual peaks confirmed that only mononuclear species
were present in the mass spectra (Figure 26). Every peak in each spectrum displayed the unique
isotopic envelope at whole mass units as predicted by the theoretical isotopic distribution of
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[Cu(phosphine)(dmp)]+. Closer examination of the experimental data indicated shadow peaks at 0.2
mass units less than each experimental mass peak. Because these shadow peaks were not observed in
the methanol blank spectrum, they are not an impurity introduced for a given sample. Their presence in
each spectrum at both 30V and 45V cone voltages suggests a type of instrumental detection error.
+

Figure 26: Detailed look of molecular ion for [Cu(POPS)dmp] experimental and simulation isotopic envelope

Crystallography
The last method of characterization we used was X-ray crystallography. Because the
[Cu(POPS)dmp]BF4 was the most pure complex and produced the best crystals for the experiment, we
only obtained crystallography data for the POPS complex. Crystals of [Cu(POPS)dmp]BF4 were obtained
by vapor diffusion of diethyl ether into a dichloromethane solution. This is excellent because the
structure of the complex is unknown and our information can be added into the Cambridge
Crystallographic Database. Also, by determining the arrangement of atoms in the crystal structure we
can relate the compound’s structure to the properties that we observe in the other experiments.
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Figure 27: Asymmetric unit of the X-ray crystal structure of [Cu(POPS)dmp]BF4
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First we will focus on the basic arrangement of atoms in the asymmetric unit, the smallest
fundamental unit of the crystal, shown in Figure 27. The asymmetric unit can be used to generate the
complete unit cell by the symmetry of the space group and repetition of the group in the crystal. Only
the coordinates of the atoms in the asymmetric unit are deposited in the various crystallographic
databases. Figure 27 above is the wire frame structure of [Cu(POPS)dmp]BF4. The main atoms of
interest on the copper cation are clearly labeled and hydrogen atoms and ether solvate molecules were
omitted for simplicity.
The BF4- anion lies close to the cation and is illustrated as the lime green and pink molecule in
the picture. Note there are also hanging lime green and pink ‘atoms’ around the wire frame anion.
These extra atoms are real and represent two different conformations the anion can be in the crystal
structure. In short the crystal structure provides enough space for the anion to be positionally
disordered. The disorder ratio refined for the two positions of the BF4- anion was 1. The cation exhibits
no disorder and is fairly rigidly fixed in this conformation in the crystal lattice. It is also important to note
that the asymmetric unit also contains 1.5 ether molecules incorporated into the lattice. These come
from the conditions used to crystallize this substance. The asymmetric unit contains one whole unique
molecule of ether as well as an additional ether disordered over an inversion center. As ether cannot
exhibit inversion symmetry, the molecule is positionally disordered in a 50/50 ratio. These features were
omitted from Figure 27 for simplicity and clarity.
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Figure 28: Thermal ellipsoid depiction of [Cu(POPS)dmp]BF4

We can also visualize thermal motion of atoms with thermal ellipsoids generated from the data.
Atoms in Figure 28 with very little range of motion or variation in position are modeled as a smaller
volume ellipsoids. An example would be the copper (Cu1) in the center of the molecule, which is rigidly
fixed in place by the ligands. The larger volume of the atoms in the model, the more thermal motion is
associated with those atoms. Furthermore, the direction of the distortions of the ellipsoid indicates the
direction of the thermal motion of that atom. Most of the atoms in the copper cation exhibit little
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thermal motion in the crystal and appear small and spherical. Some of the phenyl rings attached to the
phosphorus atoms of the POPS ligand show some distortion in and out of the plane of the ring itself.
This would indicate that these ring systems are wagging back and forth in the crystal structure.
From the 3D structure of the molecule we can glean valuable information about the bond angles
and lengths of the atoms in the asymmetric unit; these results are listed in Table 4 and 5 for bond angles
and lengths respectively. The bond angles between N1-Cu1-N2 of the dmp ligand (80.5(1)o) is a little
less the angle predicted by the idealized tetrahedral geometry expect for d10 copper geometry (109.5o).
This is more than likely due to steric constraints of the ligand. The ring of atoms formed when the
bidentate ligand dmp bonds to copper is only contains 5 atoms and a rigid planar sp2 phenanthroline
ring system forcing the smaller bite angle (the angle at which a bidentate ligand binds to a metal) than
what is predicted by the metal’s geometry. Also, contrary to the predicted geometry of the metal is the
large angle P1-Cu1-S1 observed for the 9 atom ring involving the POPS ligand. The combination of the
strain from the smaller bite angle of dmp and the steric hindrance created by the 9 atoms involved in
the binding of POPS to the copper expand the angle to 123.52(3)o from the predicted tetrahedral angle
of 109.5o.
Table 4: Important bond angles in [Cu(POPS)dmp]BF4 crystal structure

Atom 1 Atom 2 Atom 3 Angle (esd)
P1
Cu1
S1
123.52(3)o
Cu1
S1
P2
121.12(5)o
N1
Cu1
N2
80.5(1)o

The last angle of interest examined around the copper center is the Cu1-S1-P2 angle. This angle
of 121.12(5)o is indicative of an sp2 hybridized sulfur and can help explain the strength of bonds
observed between Cu1-S1 and S1-P2. There are two possible resonance structures for the sulfur and
phosphorous bond that would yield different geometries at the sulfur atom (Figure 29).
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Figure 29: Possible hybridization of S-P bond

Table 5: Important bond lengths in [Cu(POPS)dmp]BF4 crystal structure

Atom 1
P2
S1
Cu1
Cu1
Cu1
O1

Atom 2
S1
Cu1
P1
N2
N1
Cu1

Length (Ǻ)
1.984(1)
2.413(1)
2.231(1)
2.109(3)
2.117(2)
3.256(3)

We know from the bond angle of 121.12(5)o and the relative bond lengths between S1-P2
(1.984(1) Ǻ) and S1-Cu1 (2.413(1) Ǻ) that the preferred resonance is the sp2 sulfur. Because the S1-Cu1
bond is much longer than the S1-P2 bond, we can conclude that the former has more single bond
character and is therefore a weaker bond than the latter with more double bond character. It is unlikely
that the sulfur phosphorus bond would have been broken in our mass spec studies, but breaking the
weak S1-Cu1 could have been possible even with the soft electrospray ionization technique used. The
P1-Cu1 (2.231(1) Ǻ) also exhibits weaker single bond character because of its length and could be
broken in the electrospray of the mass spec. This weakness in both bonds of the POPS to the copper
would help account for the overwhelming formation of [Cu(dmp)2]BF4 observed in all the mass
spectrometry studies described earlier. The Cu-N bonds are stronger as indicated by the shorter bond
lengths (Cu1-N1 =2.117(2) Ǻ Cu1-N2 =2.109(3) Ǻ). Previous studies of similar metal-POP complexes have
reported that the oxygen of the POP ligand can be used in metal-ligand bonding altering the geometry
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and electronics of the complex. The Cu1-O1 distance was measured to see if there was some interaction
between the copper to see if this were the case for our complex. The Cu-O distance (3.256(3) Ǻ)
exceeds the sum of the atoms’ van der Waals radii (2.92 Ǻ) and so there is little communication between
Cu1 and O1 and no bonding. [23]
Figure 30 shows the unit cell of the [Cu(POPS)dmp]BF4 crystal. The unit cell consists of 2
[Cu(POPS)dmp]+ cations, 2 BF4- anions and a total of 3 ethers (2 complete molecules and an additional
ether molecule distorted over an inversion center of the unit cell). Again the ether molecules are
omitted from Figure 30 for simplicity. There is little to no interaction between the two copper cations in
the unit cell because they are too far way to communicate with one another or are separated by the
ethers.
Figure 30: Unit cell of [Cu(POPS)dmp]BF4
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There is, however, an interesting interaction between copper complex cations in adjacent unit
cells. A clear π-π interaction between the coordinated dmp ligands of two [Cu(POPS)dmp]BF4 cations is
present (See Figure 31 and 32). These interactions only occur in a pairwise fashion, so there are π dimer
interactions. These π dimer interactions are found throughout the entire crystal. The phenanthroline
ring systems of these ligands line up in the crystal structure in parallel planes 3.304 Ǻ apart. Because
this distance is less than the Van der Waals radii for two adjacent carbon atoms (3.40 Ǻ),[24] we can be
sure that there is some sort of interaction between these ligands. An overhead view of the parallel
planes shows slipped π overlap between the two phenanthroline rings. A slipped overlap orientation
gives rise to a stronger eclipsed interaction. These interactions between ligands in adjacent unit cells
strengthens the crystal structure and adds to the stability of the crystalline material.
Figure 31: Slipped π dimer interaction between adjacent dmp ligands in [Cu(POPS)dmp]BF4 crystal structure
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Figure 32: Perpendicular view to the  staking direction

Another piece of valuable information the X-ray crystallography data can give us about the
ability of [Cu(POPS)dmp]BF4 to act as a sensor is void space. We used the Mercury Crystallography
software to calculate the empty volume in the crystal in the absence of the ethers. Recall from the
introduction that void space, space unoccupied by other atoms, in the crystal structure is essential to
allow oxygen to diffuse into the crystal and obtain the physical proximity required to quench the
emissive excited state. Without oxygen penetrating the crystal the variation in emission with response
to oxygen concentration will be limited due to the lack of available quenching sites. Continuous
channels traversing the crystal lined with highly mobile groups with oxygen affinity are ideal.
Fortunately, our crystal structure does exhibit some traversing channels that can be seen even in the
space filling model when the solvent ether molecules are removed (Figure 33).
These channels are conveniently placed in between the wagging phenyl rings of the paired POPS
ligands in the unit cell. These more mobile groups could help facilitate oxygen diffusing in the crystal in
the absence of the ethers, which occupy a similar space as the channels. Because the channel
transverses across the diagonal of the a-b plane of the unit cell and the unit cell repeats throughout the
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entire crystal, it is clear that there are definite channels that allow access to the majority of the
complexes in the crystal. See Figure 34 for more detail on channels of the unit cell.
Figure 33: Space filling model of [Cu(POPS)dmp]BF4 displaying void space channels
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Figure 34: Void space channels and cavities in unit cell of [Cu(POPS)dmp]BF4

There are, however, pockets of isolated void space intersected by the a-b plane of the unit cell
in between the channels that have no way of allowing oxygen to diffuse into them (Figure 34). These
isolated cavities occupy the space of the distorted inversion center ether and is shared (like the ether)
by two adjacent unit cells. The copper complexes nearest the cavities will have limited access for
quenching events and may continue to emit despite the average [O2] in the external environment. This is
further corroborated by the small, but significant emission intensity measured in the solid state emission
and Ksv studies under pure oxygen.
Sensor Studies & Discussion
Emission Lifetime
Of import to a candidate complex for oxygen sensing is the emission lifetime. The longer the
lifetime the more time the instrument has to take a measure of the emission before the complex needs
to be excited again. The larger the time scale of the emission the more accurate and sensitive the
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instrument can be if the sensor device would monitor O2 concentration using a change in the emission
lifetime.
Figure 35: Pulse Excitation for Lifetime Measurements of [Cu(POPS)dmp]BF4 in Air

The method to obtain lifetime measurements is explained in detail in the introduction. The
graph above shows the emission data collected around the excitation pulse which was added in
manually in Excel for demonstration. The instrument initiates a pulse of light from a 405 nm laser that
supplies the photons to excite the solid copper complex samples. Immediately upon excitation the
complex emits. This is clear from the increase in intensity for the crystals and powder during the laser
pulse. Note the arc of the red line corresponding to the powder; the emission starts to level off as the
excited state population trends toward saturation. The crystal emission intensity never leveled off
during the pulse, so in that experiment the copper complex was far from excited state saturation. To do
this, the pulse length (time) would need to be extended, but this was not necessary because we
achieved excellent results without saturating the excited state.
Time zero to measure the emission decay begins the instant the laser is turned off. As observed
in Figure 35 and 36 the emission decay for both solid state forms of [Cu(POPS)dmp]BF4 is exponential,
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but is significantly slower for crystals than for the powder. It is evident even from the raw decay data
there is a clear difference in the emission lifetime between the crystals and the powder of
[Cu(POPS)dmp]BF4. The powder decays to a negligible intensity after only 17 µs whereas the crystals
intensity is still measureable even after 40 µs.
Figure 36: [Cu(POPS)dmp]BF4 emission decay powder vs. crystals

The easiest way to compare the difference in emission decay between the powder and the
crystals is to plot the natural logarithm of the intensity vs. time and obtain the lifetime. If the emission
decay is first order, we would expect to see a linear relationship (y=kx + b) with a slope of the rate
constant k. Similarly, we can determine the half-life (t1/2) of first order decay quite easily from the
equation:
Equation 4: Half-life for first order decay process

66

As seen in Figure 37, the emission decay of crystals is clearly first order from the R2 value of
0.997 of the ln (intensity) data vs. time fit. A linear fit of the data allows us to obtain the rate constant
of decay (k=0.0869 µs-1) the half-life (t1/2= 7.97 µs). The fit of the data for the crystals was excellent for
over 10 half-lives until the data starts to spread because the emission was at the detection limits of the
instrument. We can conclude that there is only one pseudo first order exponential decay associated
with the [Cu(POPS)dmp]BF4 crystals. Once the rate constant k was obtained, the lifetime (τ) was
computed from the equation:
Equation 5: Lifetime (τ)

For [Cu(POPS)dmp]BF4 crystals the lifetime was calculated to be 11.5 µs! Many compounds have
emission lifetimes in the ns or ps time regimes. Comparable compounds like [Cu(POP)dmp]tfpb and
[Cu(Xantphos)dmp]tfpb (tfpb = tetrakis(3,5-bis(trifluoromethyl)phenyl)borate) synthesized by the Mann
Group exhibited lifetimes of 6.4 and 5.0 µs in pure oxygen and 26.0 and 30.2 µs in pure nitrogen.[4,5] All
of our lifetime measurements were taken in air (21% oxygen) and so cannot be directly compared, but it
shows that our complexes have comparable lifetime. The same methods were used to measure the
[Cu(POP)dmp]BF4 powder which yielded an even higher lifetime value of 15.4 µs with an excellent linear
fit.
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Figure 37: [Cu(POPS)dmp]BF4 crystals lifetime

Unfortunately, the emission data for the powder sample of [Cu(POPS)dmp]BF4 was much more
complex and did not follow a simple monoexponential decay as can be seen in Figure 38. The natural
logarithm of the emission intensity is quite curved from 0-5 µs and then appears to follow a different
linear trend from 5-20 µs. The curve appears to be a combination of two exponential decay processes
acting simultaneously. The first process, a minor component (17%), has a much steeper slope and
therefore a larger rate constant and smaller lifetime (τ=0.14 µs) and then the later, dominant (83%),
emission process (τ=0.32 µs). If we were to take a weighted average of the two processes the overall
lifetime for the powder is τ=0.29 µs; this value is referred to as the mean τ. Even with adjustments the
chosen exponential fit does not quite fit the data from 15-20 µs, and so the accuracy of the lifetime
measurement could be debated due to the complicated nature of the emission decay. The lifetime
calculations for the [Cu(dmp)2]BF4 powder were equally complex and could only be captured by a
biexponential fit as well. See Table 6 for more details.
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Table 6: Solid-state emission lifetimes in air for copper complexes examined

Complex
[Cu(POPS)dmp]BF4
[Cu(POPS)dmp]BF4
[Cu(POP)dmp]BF4
[Cu(dmp)2]BF4

State

τ Single Exponential τ Biexponential
Fit (µs)
Fit (µs)
Crystal
11.5
Powder
0.29
0.14 (17%)
0.32 (83%)
Powder
15.4
Powder
4.25 (28%)
0.74 (72%)

Figure 38: [Cu(POPS)dmp]BF4 emission lifetme in air powder vs. crystals

We were also interested in observing the effect oxygen has on the lifetime of the emission of
these complexes (Table 7). Due to time constraints and quantity of the crystals only the powder of
[Cu(POPS)dmp]BF4 was examined. Even though the emission decay is biexponential and complex the
powder film could still be used as a sensor if these processes and their changes in the presence of
oxygen are consistent. Likewise, the changes in the compound’s mean lifetime in the presence/absence
of O2 could be used to determine oxygen concentrations instead of the emission intensity itself.
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Table 7: Lifetime measurements of [Cu(POPS)dmp]BF4 powder under varying oxygen concentrations

Conditions Biexponential τ (µs) Mean τ (µs)
Nitrogen
5.12 (19%)
1.97
1.21 (81%)
Air
3.90 (30%)
1.54
0.52 (70%)
Oxygen
3.51 (33%)
1.59
0.66 (67%)

Our continued lifetime studies of [Cu(POPS)dmp]BF4 powder, unfortunately, did not reveal a
clear trend for using lifetimes as a tool to measure oxygen concentrations. Under pure nitrogen the
[Cu(POPS)dmp]BF4 powder did exhibit an increased mean lifetime of 1.97 µs from that of air (1.54 µs).
The difference, however, is not very large and the lifetime appears to be insensitive to changes in
oxygen concentrations (not a desirable trait for good sensing materials). Furthermore, the lifetime
actually increases slightly under conditions of pure oxygen from that in air (1.54 to 1.59 µs). This
increase is quite curious; we have little explanation for the phenomenon (See Table 7 for more details).
Either way it is clear that using lifetime measurement to assess the concentration of oxygen for the
[Cu(POPS)dmp]BF4 powder would not make for an effective oxygen sensor.
UV-Vis
UV-Vis absorption are made to help demonstrate the electronic effects of the sulfur and
phosphine ligand on the complexes [Cu(POP)dmp]BF4, [Cu(POPS)dmp]BF4, and [Cu(dmp)2]BF4 using a
Cary UV-Vis spectrometer. Because we were only interested in a qualitative comparison of these
complexes, all samples were diluted to arbitrary concentration that would yield an absorbance between
1 and 0.7. These data yielded interesting results. All of the complexes exhibited two off scale peaks in
the UV region of the spectrum which we will tentatively assign to a π π* transition of the dmp ligand
based on bands observed for similar known complexes. Because all of these complexes contain dmp
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and absorption bands in the UV do not affect the color we see, these peaks were omitted from the
spectrum below.
The absorption bands in the visible region of the spectrum, however, are of more interest to us
because they can help describe the color we see for each complex. These bands are likely due to MLCT
transitions (Cu  π*(dmp)). These assignments are tentative and based on reported data for similar
complexes. The simplest and most straight forward absorption band is from [Cu(POP)dmp]BF4 it appears
the most symmetric and is probably the result of only one type of transition. The absorbance maximum
is at a wavelength of 381 nm is consistent with the observed yellow sample color. See Figure 39 for
more details.
Figure 39: Effects of phosphine and sulfur on UV-Vis absorbance
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[Cu(POPS)dmp]BF4 is a little more complex. The spectrum shows a large band at 368 nm and a
shoulder at 469 nm. The orange color of the [Cu(POPS)dmp]BF4 sample is consistent with the lower
energy absorption at 469 nm. The [Cu(POPS)dmp]BF4 is much more complicated because there are at
least two different MLCT transitions of similar energies occurring in this region. The main reason for this
complexity is the asymmetry around the metal. There are two different types of ligands bound to the
copper with three different types of atoms. We know from previous literature discussed in the
introduction that sulfur is a better π donor that phosphorous and therefore splits the d orbitals of the
metal to a lesser degree.[17] This leads to a smaller energy separation between the metal’s d orbitals and
the excited state which would require lower energy light. This effect can be corroborated by the
presence of the absorption band at 469 nm which gives the complex its color. There is also a higher
energy band closely related to the single band seen for the [Cu(POP)dmp]BF4 complex. The presence of
the sulfur creates geometric and/or electronic change at the copper center that shifts the MLCT process
seen in the parent phosphine complex to higher energy.
The [Cu(dmp)2]BF4 complex also contains at least two different energy absorption features in
the visible region of the spectrum. A major absorption band at 458 nm and a tail that begins near 533
nm can be seen in the spectrum in Figure 39. The peak absorption band at 458 nm would impart an
orange color to the complex, but like [Cu(POPS)dmp]BF4 the lower energy tail feature dominates the
color that is observed, and so [Cu(dmp)2]BF4 appears red. [Cu(dmp)2]BF4 lacks the strong π accepting
effects of the phosphorous atoms from the phosphine ligand (though dmp does act as a π acceptor also,
this activity is weaker than that seen for a bis phosphine ligand like POP) and so has the lowest energy
separation between the excited state and the ground state. This helps explain why [Cu(dmp)2]BF4
absorbs the lowest energy wavelengths in this series of complexes and appears much more red than the
phosphine complexes. See Table 8 for summary of absorbance data.
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Table 8: UV-Vis absorbance for copper complexes of interest

Complex
[Cu(POP)dmp]BF4
[Cu(POPS)dmp]BF4
[Cu(dmp)2]BF4

Emission
Absorption
λmax (nm) λmax (nm) λminor (nm)
545
381
578
368
469
661
458
533

Emission
Similarly, the effect of the phosphine ligands and the sulfur can be observed in the emission
spectrum. The emission peak from the excitation source can be seen in the spectra for the solid state
emission of all of the complexes examined, but was omitted from the plot in Figure 40 from simplicity.
Nonetheless, emission can provide us with a qualitative indication of the quantum yield of these
complexes based on the relative intensities of the emission peaks to that of the excitation source (LED or
laser at λ = 405 nm). The emission intensity of [Cu(POP)dmp]BF4 was nearly double the intensity of the
emission band seen for the laser. This indicates that for every photon of laser light used to excite the
complex almost all are emitted from the excited state (a high quantum yield). The intensity of
[Cu(POPS)dmp]BF4 was only about 75% the intensity of the laser. [Cu(POPS)dmp]BF4 would still have a
relatively large quantum yield, but not as high as the parent [Cu(POP)dmp]BF4.
In this instance the sulfur did little to improve the quantum yield possibly because it is another
atom in the ring complexed to the copper. Increasing the chelate ring size could increase the flexibility
of the copper complex and thus enhance non-radiative emission decay, decreasing the quantum yield.
The importance of the phosphine ligand with a sulfide or not to the quantum yield of the complexes was
made evident with [Cu(dmp)2]BF4. The emission intensity of [Cu(dmp)2]BF4 was so weak that we needed
to use a more intense diode laser (405 nm) to pump enough photons into the complex to observe some
emission. Both [Cu(POP)dmp]BF4 and [Cu(POPS)dmp]BF4 only required the energy from an LED at 405
nm to produce more than sufficient signals. Because the emission intensity of the [Cu(dmp)2]BF4
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complex was so low, it looks much noisier than the emission spectra of [Cu(POP)dmp]BF4 and
[Cu(POPS)dmp]BF4.
Figure 40: Effects of phosphine and sulfur on solid state emission in air

Figure 40 is the normalized intensities of the emission to draw attention to the shift in emission
wavelength caused by the different ligands. This way of plotting the data, however, makes it impossible
to compare the true measurements of emission intensity for these complexes. Again, [Cu(POP)dmp]BF4
possess the highest energy emission max (λmax = 545 nm) because the phosphorous atoms create the
largest energy separation between the d orbitals of the copper and the π* orbitals of the dmp ligand.
[Cu(POPS)dmp]BF4 has the next highest energy emission wavelength maxima (λmax = 578 nm) because
the π-donating sulfur lessens the d orbital energy gap compared with the diphosphine. Lastly,
[Cu(dmp)2]BF4 has the lowest energy emission max (λmax = 661 nm) because the d orbitals are split most
weakly by the dmp ligands. All of the emission spectra are Stokes’ shifted from the corresponding
absorption spectra.
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Figure 41: [Cu(POPS)dmp]BF4 emission at various O2 concentrations

Once we established that the powdered solid form of [Cu(POPS)dmp]BF4 had more than
sufficient emission to potentially be used as a sensor we examined the ability of this compound to
actually sense oxygen through quenching. Recall from the introduction that photoluminescent O2
sensors detect the concentration of ambient oxygen through measurement of the decrease in intensity
of emission from the sensing material. Effective sensors will therefore have the highest intensity
emission in the absence of oxygen and the lowest intensity in 100% oxygen. As seen in Figure 41 these
were the results for [Cu(POPS)dmp]BF4. The highest emission intensity for the complex was observed
when the cell containing the sample was saturated with nitrogen gas. In air (21% oxygen) the emission
intensity was reduced by over 70% and was further reduced by 85% of the original value under pure
oxygen. These results indicate that the [Cu(POPS)dmp]BF4 is quite sensitive to changes in oxygen
concentration at lower levels of oxygen (0-21%) and is less sensitive to changes in oxygen at higher
concentrations (21-100%) though still quite sensitive. Because most of the applications for
75

photoluminescent oxygen sensors including the assessment of water quality require the detection of O2
concentrations found in air or less, these results are very promising. The more sensitive the complex is
to changes in oxygen concentrations in the range of 0-21% the greater the sensitivity of the instrument.
This means that instead of only being able to detect a 1% change in oxygen concentration; our complex
may be able to accurately detect a 0.5% change or less.
Ksv: Emission Quenching vs. O2 Concentration
One way to quantify the sensitivity of a lumiphor to [O2] is to determine the Stern-Volmer
quenching constant (Ksv). We measured the emission intensity of [Cu(POPS)dmp]BF4 at 10 different
oxygen concentrations 20 times (two series of 10). Figure 42 shows the emission intensity at the 10
oxygen concentrations for the two series. Because the lines of the series are nearly indistinguishable
from one another, we can conclude that emission quenching of [Cu(POPS)dmp]BF4 powder in the
presence oxygen is reproducible across all concentrations measured. The largest decrease in intensity
occurs at the smaller oxygen concentrations. This may be due to the ability of oxygen to penetrate the
solid. As mentioned in the introduction, oxygen can only quench the emission of the copper complex if
close physical proximity can be achieved. At low oxygen concentration it is likely easy for O2 to access
the complex and most of the oxygen is effecting the emission. At higher concentrations the availability
of unquenched copper complexes may be limited due to restricted access of channels already filled with
O2 molecules and so changes in O2 concentrations do not produce as drastic of a reduction in emission.
Because emission still observed even in conditions of 100%, it is likely some copper centers are simply
inaccessible to oxygen.
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Figure 42: Emission response of [Cu(POPS)dmp]BF4 powder to varying [O2]

Figure 43 shows a Stern-Volmer plot of the Io/I (Io = the emission intensity under conditions of
pure nitrogen (max emission intensity), I = emission intensity under [O2]) vs. oxygen concentration.
Changes in Io/I with respect to oxygen concentration are not linear especially at low concentrations. The
first three data points of the plot pull the entire trend line down for both series yielding undesirable R2
values of 0.916. Figure 44 shows a linear fit for the latter half of the data at higher oxygen concentration
(R2 = 0.989). To determine the linearity of the lower oxygen concentration separately as was done with
higher concentrations more data would have to be collected in the range 0-21% oxygen because data
points do not make a very reliable line for calibration purposes.
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Figure 43: Ksv plot for [Cu(POPS)dmp]BF4 powder

Figure 44: Ksv plot of [Cu(POPS)dmp]BF4 powder fit for higher [O2]

78

The quantitative value reflecting the sensitivity of the POPS complex to oxygen is the average of
the slope of the lines for each series on the Stern-Volmer plot (4.4803 for all the data and 3.4103 for the
latter half). Again, the higher the Ksv value the more sensitive the sensor material is to emission
quenching by O2 and the greater the ability to distinguish between different O2 concentrations. As seen
in Table 9, the Ksv value is comparable to the Ksv values for some of the complexes examined by the
Mann Group mentioned in the introduction.
Table 9: Ksv of coppper complexes

Compound
[Cu(POPS)dmp]BF4
[Cu(POP)dmp]tfpb*[5]
[Cu(Xantphos)dmp]tfpb*[5]

Ksv
4.48(4)
3.60(2)
5.65(8)

Electrochemistry
Through the use of cyclic voltammetry and other electrochemical experiments we were able to
see the effects of the sulfur on the copper center in our complexes. Because the POP complexes were
the most pure and promising for our study, only [Cu(POP)dmp]BF4 and [Cu(POPS)dmp]BF4 were
analyzed to observe the effect of the sulfur. The electrolyte used in our solution for this study (TBA PF6)
is oxidized and reduced around 2000 mV and -1800 mV respectively. We only examined potentials
between in this region. Similarly, all of the experiments were run at a scan rate of 100mV/s unless
otherwise specified in the graph titles.
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Table 10: Electrochemistry results for [Cu(POP)dmp]BF4 and [Cu(POPS)dmp]BF4

Complex
[Cu(POP)dmp]BF4

[Cu(POPS)dmp]BF4

Experiment
Oxidation

Scan Rate (mV/s) Ep (mV)
Ip (A)
100
1554
-9.041x10-5
839
7.104x10-6
520
1.836x10-5
946
-7.551x10-6
1358
-6.89x10-5
Cyclic Voltammagram
100
843
2.12x10-5
(oxidation 1st)
616
1.899x10-5
-456
2.335x10-6
-1114
2.847x10-5
+

Figure 45: Cyclic voltammagram of [Cu(POPS)dmp]
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Figure 46: Cyclic voltammagram of [Cu(POPS)dmp]

+

Comparison of the voltammagrams (Figures 45-49) and the data in Table 10 reveals the effects
of the sulfur on the electrochemical properties of the copper complex. The full cyclic voltammagram
(Figure 45) shows reduction of the [Cu(POPS)dmp]BF4 around -1200 mV. The observed reduction is
irreversible because we don’t see a corresponding re-oxidation peak on the reverse scan. This peak
appears whether or not we began the scan with negative potentials first (reduction of the complex first)
(Figure 46) or with positive potentials first (oxidation) (Figure 45). This peak was not observed in the
electrolyte solution. It is doubtful that this reduction current is the result of the pi system on the dmp
ligand because it does not appear even close to the same potential that the reduction was seen for the
[Cu(dmp)2]BF4 and we are unsure as to what is causing this reduction.
The largest peak of interest seen in both traces (Figure 45 and 49) is tentatively assigned as an
oxidation of the copper ([Cu(POP)dmp]+ = 1554 mV and [Cu(POPS)dmp]+ = 1358 mV). This is likely a one
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electron CuI/II oxidation based on comparison values of similar complexes.[22] Again the oxidation of
these copper complexes is irreversible because the re-reduction peak is not observed in the return scan.
In both full traces of [Cu(POP)dmp]+ and [Cu(POPS)dmp]+, there is evidence of some sort of re-reduction
peak of comparable current corresponding to this CuI/II oxidation shifted far from the potential that we
see for the oxidation ([Cu(POP)dmp]+ = 520 mV [Cu(POPS)dmp]+ = 616 mV). We took a scan that turned
at 1100 mV to try and identify the smaller oxidation peak at lower potential seen only in
[Cu(POPS)dmp]+ at 946 mV. It is a possibility that this oxidation is related to the sulfur, however, the
current generated is much less than the tentatively designated one electron oxidation of the copper at
1358 mV. If both processes were a one electron change we would expect the current generated from
those processes to be comparable, but they are not. It is also possible that this small oxidation peak
seen at 946 mV in the traces of [Cu(POPS)dmp]+ is the result of an impurity or the product of some sort
of rearrangement. Recall in the mass spectrometry experiments the ionization conditions were too
intense for the copper complexes to remain intact, the metal ligand bonds were broken, and
[Cu(dmp)2]+ preferentially reformed. Perhaps the conditions in CV experiments at certain potentials also
induces this decomposition and the small oxidation peak we see at 946 mV could be related to an
oxidation of [Cu(dmp)2]+. Similarly, [Cu(dmp)2]+ could also be an impurity from the synthesis of
[Cu(POPS)dmp]BF4. In any case, the turnaround at 1100 mV (Figure 46) increased the current of the
reduction peak at 843 mV, so that the voltammagram appears semi-reversible. Though not shown here
the higher scan rate also increased the size of this complementary reduction peak on the reverse scan
for the [Cu(POPS)dmp]+. Shown, however, is two scans of just the oxidation of [Cu(POPS)dmp]BF4 at
scan rates of 100 mV/s and 25 mV/s and the intensity of the reduction corresponding to the CuI/II
oxidation (611 and 615 mV) is reduced. Similarly, the small reduction (843 mV) corresponding to the
unidentified oxidation feature (954 mV) is also reduced (Figure 46 and 47 data summary Table 11). This
is likely due to the change in experimental conditions rather than a change in the electrochemistry of
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the complexes because the ratio of the peaks current changes very little. Therefore, the increase in
intensity is probably the result of the differences in scan rates.
Table 11: Redox intensity at different scan rates for [Cu(POPS)dmp]BF4

Scan Rate (mV/s) Ep (mV)
1367
100
954
843
616
1292
25
943
870
611

Ip (A)
-6.842x10-5
-9.042x10-6
2.249x10-5
7.99x10-6
-4.604x10-5
-5.693x10-6
7.627x10-6
8.638x10-6

+

Figure 47: Oxidation of [Cu(POPS)dmp] (Scan rate = 100 mV/s)
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+

Figure 48: Oxidation of [Cu(POPS)dmp] (Scan rate = 25 mV/s)

The possibility of our copper complexes undergoing some sort of geometry change of the
coordination sphere upon oxidation making the re-reduction difficult cannot be ignored. Higher scan
rates could reduce the concentration of oxidized copper species that undergo this shift in geometry
because the scan rates begin to compete with rearrangement kinetics. It is possible that oxygen of the
POP and POPS ligands can coordinate to the copper, as seen in other metal complexes with the POP
ligand, that would change the electrochemistry. It is uncertain, however, if this is the case for us.
The effect of the sulfur can also be observed in the shift in potentials at which the oxidation of
the copper occurs in the different complexes (1358 mV for [Cu(POPS)dmp]+ and 1554 mV for
[Cu(POP)dmp]+). The lower potential of the copper oxidation for the [Cu(POPS)dmp]BF4 (Figure 47)
indicates that the oxidation is much easier than for the [Cu(POP)dmp]BF4 (Figure 49). This could be the
result of sulfur acting as a π donor. The donation of electron density from the sulfur to the copper
in[Cu(POPS)dmp]BF4 could ease the ability of copper to give up an electron in an oxidation process.
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Figure 49: Oxidation of [Cu(POP)dmp]BF4 (Scan rate = 100 mV/s)

There are other interesting features to note in these cyclic voltammagrams. On the return scan
in the traces of the oxidation of both [Cu(POP)dmp]BF4 and [Cu(POPS)dmp]BF4 there are two reduction
peaks at 839 and 520 mV for the POP complex and 843 and 616 mV for the POPS complex. The first
peak at ~840 mV is much less current relative to the second reduction peak in the [Cu(POP)dmp]+ trace
than in that for [Cu(POPS)dmp]+. This first peak also increases in intensity with increasing scan rate.
Because the peak becomes more prevalent at higher scan rates it could be the re-reduction of the
copper complex back to copper (I), but the peak is shifted far from the potential at which the oxidation
occurred. If these peaks were indeed a redox couple we would predict that the rapid change in current
observed upon the oxidation (CuI→CuII)/reduction(CuII→CuI) would occur at nearly the same potential
because it is the same transfer of an electron just in different directions, a redox couple. A shift in the
geometry of the coordination sphere could also explain this shift in reduction potential from that
observed for the corresponding oxidation, because the new geometry of the now copper (II) could more
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readily accept an electron (be reduced) than the copper (I) complex could give up that electron (be
oxidized).
The second reduction peak at 616 mV could also be the result of a change in the coppers
coordination sphere to yet another geometry with an even lower reduction potential. Because the peak
appears in the [Cu(POP)dmp]+ at 520, this secondary reduction peak is probably not a reduction of the
sulfur and more likely has to do with the copper even though the peaks potential is far removed from
that for the metal’s oxidation. This second peak appears with significant current in both voltamograms
and current differs very little at various scan rates at 520 and 616 for [Cu(POP)dmp]BF4 and
[Cu(POPS)dmp]BF4 respectively. Because none of the reductions or oxidations observed for our
complexes were reversible, we were unable to gain any information about the half-cell potential of
either [Cu(POP)dmp]BF4 and [Cu(POPS)dmp]BF4.
Conclusion
There are several valuable pieces of information we can take away from this study of crystalline
copper (I) as sensing materials for photoluminescence oxygen sensors. First, we were able to clearly
demonstrate some of the effect of adding a sulfur to the phosphine lingand. For the mono sulfided
Xantphos complex ([Cu(XantphosS)dmp]BF4), we found that the addition of the sulfur created instability
in the complex as evidenced by the complexity of the 31P NMR. One possible explanaition for this is the
Xantphos ligand is just too rigid to accommodate an additional sulfur atom (which weakly binds to the
copper through π donation) in the chelate ring. Because of steric hindrances and weak metal-ligand
bonding, the mono nuclear complex of [Cu(XantphosS)dmp]BF4 was just too unstable for purification
and use as a sensing material. The POP complexes [Cu(POPS)dmp]BF4 and [Cu(POPS2)dmp]BF4 seemed
to have enough flexibility in the phosphine ligand to accommodate the weakly binding sulfur. The
synthesis of [Cu(POPS2)dmp]BF4 could have failed in part because the POPS2 only bond to the copper
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with weak Cu-S bonds. Even with the increased flexibility to accommodate the 10 atom chelate ring
there was not strong enough bonding to keep the ligand attached and so the more stable [Cu(dmp)2]BF4
complex formed instead.
[Cu(POPS)dmp]BF4 seemed to have the right combination of flexibility and strong bonding to
keep the complex intact and is an excellent comparative tool with the [Cu(POP)dmp]BF4 and
[Cu(dmp)2]BF4 to see the geometric/chemical changes between the POP and its sulfided derivative. In
both the UV-Vis absorbance and solid state emission data it was clear that the sulfur of
[Cu(POPS)dmp]BF4 shifted both absorbance and emission to lower energy wavelengths compared to the
POP parent complex ([Cu(POP)dmp]BF4). Both phosphine complexes absorbed and emitted at higher
energy wavelengths than [Cu(dmp)2]BF4. This could indicate that by adding the phosphine ligand the
energy separation between the d orbitals of the copper and the π* excited state on the dmp ligand
increase. Furthermore, by adding the sulfur to the phosphine ligand the energy separation between the
ground state and excited state is reduced from [Cu(POP)dmp] BF4 but still greater than that observed for
[Cu(dmp)2]BF4. As far as use for a sensor material this is good news. By having slightly different
derivatives of the same sensing material that emits at different wavelengths we can eliminate the
possibility of interference from an external lumphor because the detector of the sensor would be tuned
to the max wavelength of emission for only the sensing material. The electrochemistry further
corroborated the electronic effects of the sulfur on decreasing the potential required to oxidize the
copper in [Cu(POPS)dmp]BF4 (1358mV) compared to [Cu(POP)dmp]BF4 (1554 mV). We were also able to
observed through X-ray crystallography that the addition of the sulfur increased the size of the chelate
ring and created a larger in [Cu(POPS)dmp]BF4 compared to the [Cu(POP)dmp] BF4 crystal structure
analyzed by the Mann Group.[4,5]
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We also found that [Cu(POPS)dmp]BF4 shows promise as a new sensing material for use in
photoluminescence oxygen sensors. From the solid state emission studies we were able to qualitative
observed that the complex had intense solid state emission comparable to the intensity of the excitation
source (high quantum yield) as indicated by the relative peak height. The X-ray crystallography revealed
that the complex had significant solvent accessible void space to allow for the diffusion of oxygen into
the crystal for quenching events to occur. We were able to determine that the lifetime of the crystals
was a long 11.5 μs and exhibited simple mono exponential behavior over several half lives. This
exemplified the importance of the use of crystalline copper (I) complexes to be used as sensors due to
the uniformity of emission sites compared to the more complicated behavior observed for the powder
of the same complex. Finally, we were able to determine that [Cu(POPS)dmp]BF4 complex had
significant, reversible, and reproducible quenching by oxygen. Even though the Stern-Volmer plot was
not linear (in fact the sensitivity of the complex to oxygen is even greater at lower [O2] than at higher)
the data was reproducible and could be calibrated as needed in the data handling of the
photoluminescence sensor if needed.
Though we have made great headway in our studies to find a suitable crystalline copper (I)
complex to be used as sensing material in photoluminescence oxygen sensors there is still much more
that can be explored such as the use of different ligands or the long term stability of [Cu(POPS)dmp]BF4.
In any case, we were able to contribute a large amount of information about these complexes,
phosphine sulfide ligands, and their oxygen sensing ability that other may be able to use in the future.
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